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MICROFLUIDIC CHIP HAVING INTEGRATED ELECTRODES

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit to U.S. Provisional Application No.
60/233,838 filed September 19, 2000 entitled "Integrated Microdevices for Conducting
Chemical Operations" and U.S. Application No. 09/939,327 filed August 24, 2001 entitled
"Microfluidic Chip Having Integrated Electrodes" both of which are hereby incorporated

by reference in their entirety.

- TECHNICAL FIELD

[0002] This invention relates to microfluidic chips and in particular, to microfluidic

chips having integrated electrodes.

BACKGROUND

[0003] Miniaturized devices for conducting chemical and biochemical operations
have gained widespread acceptance as a new standard for analytical and research purposes.
Provided in a variety of sizes, shapes, and configurations, the efficiency of these devices
has validated their use in numerous applications. For example, microfluidic lab chips are
utilized as tools for conducting capillary electrophoresis and other chemical and
biochemical analysis in a reproducible and effective manner. Microarrays or Bio-chips are
used to conduct hybridization assays for sequencing and other nucleic acid analysis.

[0004] In a typical labchip, materials are electrokinetically driven through
interconnected microchannels. Electrodes are positioned in reservoirs fluidly connected to
the microchannels to make electrical contact with a medium contained therein. Application
of a voltage across two electrodes will drive material from one reservoir to another based
on electrokinetic transport phenomena. In a microfluidic device having numerous channels
and reservoirs to perform multiplexed procedures, an electrode array (e.g., 10.to 100 or
more electrodes) may be positioned such that each electrode makes electrical contact with
the medium in the device. Programmable controllers may be electrically connected to the
electrodes to individually drive the electrodes in a controlled manner. Examples of the use
of voltages and electrodes to transport materials electrokinetically are disclosed in, for

example, U.S. Patent Nos. 5,126,022; 5,750,015; 5,858,187; 6,010,607; and 6,033,546.
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[0005] Various problems arise, however, when electrodes are "dropped in"
reservoirs on a chip. First, the electrodes are subject to contamination from previous
testing. An electrode dropped into one test chip may introduce unwanted material into a
device subsequently tested, thereby contaminating the subsequently tested chip.
Additionally, when conventional metal electrodes (i.e. platinum, gold, etc.) are used to
apply electrical fields within certain conductive media such as aqueous conductive media,
bubbles are prone to form thereby disrupting the intended operation of the device. This
problem is exacerbated in applications such as capillary electrophoresis where higher
voltages are desirable to achieve more efficient separations (i.e. higher throughput, better
resolution, etc.). Furthermore, if small volumes are present in the reservoirs on the chip,
gas bubbles can break the electrical connection between the electrodes and the reservoir
and/or capillary channel. In some situations, complete occlusion of the channel can occur.
This can be only somewhat alleviated by using larger reservoirs with greater volume to
allow for greater electrode submersion resulting in more interaction between the surface
area of the electrode and the relevant media.

[0006] Within an electrophoretic channel or in a reservoir connected thereto, gas
bubbles (e.g., an air bubble) can interfere with the electrical connection or otherwise
change electrical properties between driving electrodes and the conductive medium. When
bubbles are formed, electrokinetic operations can be severely or completely inhibited.
Accordingly, current protocols for conducting capillary electrophoresis utilize remedial
electrode configurations and are limited to voltages that will not generate substantial
bubbles. These conventional protocols, however, typically do not achieve the desirable
higher throughput of systems employing relatively higher voltages.

[0007] "Dropped in" electrodes must also be carefully aligned and the depth must
be controlled. Positioning the electrodes too deep may break the electrode or damage the
device; positioning the electrode too shallow may prevent application of a voltage to the
medium in the device and thus prevent driving the sample material through the device..
Further, moving electrodes into position adds complexity to the instrument used to carry
out the testing. ’

[0008] It is therefore desirable to provide a microfluidic device which does not
suffer from the above merntioned drawbacks. Among other things, the improved device
should feature integrated components such as electrodes, heaters, valves and other

components.
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[0009] Due to factors such as convenience, efficiency, and cost, plastics are
becoming the material of choice for making these devices. For example, conventional
molding techniques can be used to produce large numbers of disposable plastic devices,
each having precise and intricate features such as microchannel networks, reservoirs, or
microwells. Plastic films can also be efficiently extruded into laminates containing the
required microfeatures. Replication of plastic devices can be done with high
reproducibility and little variation between different units.

[0010] A problem however arises in that many plastics applicable to the relative
field, are not necessarily metallizable, a property needed for the integration of metal
components. For plastics, the energy match between metals and their surfaces may be
incompatible and lead to delamination. This is particularly true in the case of unreactive
noble metals.

[0011] ' There have been a variety of methods used to deposit and pattern metal on
the surfaces of plastics or polymers. See, for example, Metallized Plastics I: Fundamental
and Applied Aspects, Eds: K. L. Mittal and J. R. Susko, Plenum, 1989. These methods
include chemical vapor deposition, electroless deposition, formation of a graded
plastic/metal film (so that the plastic/metal bond is not as abrupt and thus not as susceptible
to failure), photodecomposition of a liquid-phase metal precursor (e. g., photoreduction),
thermal evaporation, sputtering, lithography and the like. In all of these methods, active
chemistries present on the surface of the plastic are generally required to avoid
delamination of the metallized layer. This is based on the idea that good adhesion requires
a strong interaction between the metal and plastic. Methods to enhance this interaction
include chemical or physical modification of the plastic surface, i.e. the addition of
chemically functional groups or chemical etching. Such surface treatments are often -
complicated and expensive, result in roughened surfaces that are detrimental to lithographic
techniques for patterning the components, or involve the use of facilitative adhesion layers
applied to the plastic surface. They also tend to interfere with the intended chemical
applications of the device. Further complicating matters is the fact that many plastics or
polymers melt at low temperatures or when exposed to organic solvents. This makes some
plastics incompatible with certain conventional deposition techniques.

[0012] It is therefore desirable to provide a microfluidic device that does interfere
with the intended operations of the microdevice yet can still be integrated with strongly

adherent metal or electrically conductive components necessary for chemical and
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biochemical operations, e.g., heating elements, electrodes, valves, flow detectors and the
like.

SUMMARY OF THE INVENTION

[0013] In one variation of the present invention, a microfluidic chip includes a

substrate having interconnected microchannels and at least one aperture. A cover is bonded
to the substrate to enclose the microchannels and form a reservoir at the at least one
aperture. An electrically conducting ink is patterned on the cover or the substrate such that
the electrically conducting ink makes an electrical connection with a medium contained in
the microchannels or reservoirs. In a variation, an ink trace is positioned in the reservoirs
and can be used to drive materials through the channels by application of a voltage to the
ink trace. In another variation, the ink trace is positioned in a channel and is used to heat or
detect materials in the channels.
[0014] In another variation of the present invention, a method is provided for
reducing air bubble formation during electrokinetic applications in a microfluidic device
having channels and reservoirs. The method includes applying voltage to a medium
contained in the channel and reservoirs through an electrically conducting ink. In one
variation the electrically conducting ink is a trace patterned on a cover or substrate of the
‘microfluidic device. In another variation, the electrically conducting ink is a coating on an
electrode dropped in a reservoir in the device. A platinum wire electrode, for example,
may be coated with an electrically conducting ink to reduce air bubble formation in this
variation.
[0015] Another variation of the present invention includes a microdevice having a
norbornene polymer substrate with electrically conductive components incorporated
therein. Depending upon the desired application, the components can function in a variety
of modes including electrodes for manipulating charged entities, heaters, electrochemical
detectors, sensors for temperature, pH, fluid flow, valves, and the like. Accordingly, the
device can be used for conducting various chemical operations including capillary
electrophoresis, binding and competitive assays such as oligonucleotide hybridization,
polymerase chain reactions, sample preparation, and the like.
[0016] In one embodiment, the components are comprised of an electrically
conductive film that is strongly adhered to the surface of the substrate. In another

embodiment, the components are comprised of electrically conductive ink applied to the
' 4
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substrate surface. Due to the exhibited heat resistance of the norbornene substrate, the
incorporated ink and related binders can be processed at temperatures otherwise capable of

deforming conventional plastic devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 shows a top view of a microfluidic device having integrated

electrodes in accordance with the present invention.

[0018] FIG. 2 shows a cross sectional view of the device shown in FIG. 1 taken
along A-A.
[0019] FIGS. 3A-3B show cross sectional views of the device shown in FIG. 1

taken along B-B having various assemblies in accordance with the present invention.
[0020] FIG. 3C shows a cross-section of a variation of the present invention
wherein a channel is formed due to an adhesion layer overlapping the electrodes.

[0021] FIGS. 4A and 4B show a cross sectional view of a microfluidic device
having two microchannel systems: one system providing the leads to an electrode and the
other system providing for an analytical capillary channel. FIG. 4A shows the
unassembled device. FIG. 4B shows the fully assembled device.

[0022] FIG. 5 shows a top view of a microanalysis channel in accordance with the
- present invention that has both an electrochemical detector and a semi-circular driving
electrode integrated therein.

[0023] FIGS. 6A and 6B show a top view and cross sectional view of a microfluidic
device having an integrated electrode heater in accordance with the present invention.
[0024] FIGS. 6C and 6D show a top view and cross sectional view of another
variation of a microfluidic device having an integrated electrode heater in accordance with
the present invention.

[0025] FIGS. 7A-7C show cross sectional views of an integrated device in
accordance with the present invention having alternative configurations: in particular, the
electrode (indicated by reference numeral 301) is shown in a different position relative to
the other components in each of FIGS. 7A-7C.

[0026] FIG. 8 shows a top view of a microanalysis channel in accordance with the
present invention that has both a heater and a driving electrode integrated therein where the
driving electrode has a minimized surface area for reducing unwanted hydrolysis or gas

generating reactions.
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[0027] FIG. 9 shows a top view of a heater integrated into a norbornene based
substrate in accordance with oné variation the present invention. The pattern includes a
metal heating element and its incorporated lead.

[0028] FIG. 10 shows an electrophoretic separation for P450 assay on conductive
ink-integrated chip: the line at the bottom is the control experiment using Platinum wire as
electrodes and carboxyfluorescein is used the internal reference.

[0029] FIG. 11 shows en electrophoretic separation for Kinase assay on conductive
ink-integrated chip in accordance with the present invention: the line at the bottom is the
control experiment using Platinum wire as electrodes and Carboxyfluorescein is used as the
internal reference.

[0030] FIG. 12A shows DNA separation using ink-integrated microchips in
accordance with the present invention: the sample is Genescan 700, denatured at 95 °C for
2 minutes and chilled down on ice and the 18 peaks are 75, 100, 139, 150, 160, 200, 250,
300, 340, 350, 400, 450, 490, 500, 550, 600, 650, and 700 base pairs DNA fragment.
[0031] FIG. 12B shows DNA separation using Platinum wires as driving electrodes
(the control experiment): the sample was Genescan 700, denatured at 95 °C for 2 minutes
and the 18 peaks are 75, 100, 139, 150, 160, 200, 250, 300, 340, 350, 400, 450, 490, 500,
550, 600, 650, and 700 base pairs DNA fragment.

[0032] FIG. 13 shows an eTag™ probe separation using an electrode-integrated
plastic chip in accordance with the present invention.

[0033] FIG. 14A shows separation data of 13 eTag™ probes using a carbon ink
electrode integrated on a plastic chip in accordance with the present invention. The lower
electropherogram is data from a control experiment where Platinum wires were used as
driving electrodes in the same reservoirs as the integrated electrodes.

[0034] FIG. 14B shows separation data of 13 eTag™ probes using an Ag/AgCl ink
electrode integrated on a plastic chip in accordance with the present invention. The lower
electropherogram is data from a control experiment where Platinum wires were used as
driving electrodes in the same reservoirs as the integrated electrodes.

[0035] FIGS. 15A and 15B show graphical illustrations of cyclic voltammetry data
using Platinum wire, carbon ink-, 20% Pd doped carbon ink-, and Ag/AgCl ink- coated

Platinum wires in a buffer solution (pH = 8.0). The scan rate was 100 mV/s.
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[0036] FIG. 16 shows separation of 13 eTag™ probes using carbon-ink-coated
platinum wires as driving electrodes in accordance with the present invention.

[0037] FIG. 17 shows separation of 13 eTag™ probes using Ag/AgCl-ink-coated
platinum wires as driving electrodes in accordance with the present invention.

[0038] FIG. 18 shows a cross sectional view of another microfluidic device having
an integrated heater in accordance with the present invention.

[0039] FIGS. 19A shows thermal response as a function of time for an applied
voltage of 25 V of an integrated electrode heater on a microfluidic chip in accordance with
the present invention.

[0040] FIG. 19B shows thermal response as a function of applied voltage for an
integrated electrode heater on a microfluidic chip in accordance with the present invention.
[0041] FIG. 20A shows thermal response as a function of time for an applied
voltage of 20 V of an integrated ink electrode heater on a microfluidic chip in accordance
with the present invention. The heater features a serpentine shape.

[0042] . FIG. 20B shows thermal response as a function of time for an applied
voltage of 15V of an integrated ink electrode heater on a microfluidic chip in accordance
with the present invention. The heater is a single strip trace of 84.5 x 1 x 0.030 mm.
[0043] FIGS. 21A and 21B show thermal response as a function of voltage and
resistance respectively of an integrated ink electrode heater on a microfluidic device in
accordance with the present invention. The heater is a single strip.

[0044] FIG. 21C shows thermal cycling of screen printed heaters on plastic chip in
accordance with the present invention and a commercial heat strip.

[0045] FIGS. 22A and 22B show partial top and cross sectional views respectively
of a microfluidic device having an integrated chemical sensor in accordance with the
present invention.

[0046] FIG. 23 shows data for a separation of 13 eTag™ probes on a microfluidic
device integrated with Ag/AgCl ink electrodes. The field strength was increased from 400
V/em (bottom) to 600 V/cm (top).

[0047] FIG. 24A shows data for a separation of 13 eTag™ probes on a microfluidic
device using platinum wires as external driving electrodes. The field strength was 600
V/em.

[0048] FIG. 24B shows data for a separation of 13 eTag™ probes on a microfluidic

device integrated with carbon ink electrodes. The separation strength is 600 V/cm.
7
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[0049] FIG. 24C shows a separation of 13 eTag™ probes on a microfluidic device
integrated with Ag/AgCl ink electrodes. The separation strength is 600 V/cm.

[0050] FIG. 25 is a summary chart for the field strength test (600 V/cm) using
Ag/AgCl —ink-integrated microfluidic devices.

DETAJLED DESCRIPTION

[0051] The present invention is directed to an integrated microdevice for

conducting chemical operations. By chemical operations, it is meant analytical and
research applications that are by nature, chemical, biochemical, electrochemical, biological,
and the like.

[0052] In one variation of the present invention, a microfluidic chip includes a
substrate having interconnected microchannels and at least one aperture. A cover is bonded
to the substrate to enclose the microchannels and form a reservoir at the at least one
aperture. An electrically conducting ink is patterned on the cover or the substrate such that
the electrically conducting ink makes an electrical connection with a medium contained in -
the microchannels or reservoirs. In other cases, the ink electrode traces are not in direct
connection with the medium. In a variation, an ink trace is positioned in the reservoirs and
can be used to drive materials through the channels by application of a voltage to the ink
trace. In another variation, the ink trace is positioned in a channel and is used to heat or
detect materials in the channels. The viscosity of the electrically conducting ink can vary
widely. For example, the viscosity of the electrically conducting ink can provide for flow-,
paste-, or solid-like properties.

[0053] In another variation of the present invention, a method is provided for
reducing air bubble formation during electrokinetic applications in a microfluidic device
having channels and reservoirs. The method includes applying voltage to a medium
contained in channels and reservoirs through an electrically conducting ink. In one
variation the electrically conducting ink is a trace patterned on a cover or substrate of the
microfluidic device. In another variation, the electrically conducting ink is a coating on an
electrode dropped in a reservoir in the device. A platinum wire electrode, for example,
may be coated with an electrically conducting ink to reduce air bubble formation in this
variation.

[0054] In yet another variation of the present invention the device employs one or

more functional components adhered or strongly adhered to a substrate or cover comprised
8
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of a norbornene based polymer. Functional components, microchannels, microarrays,
reservoirs, and apertures (through-holes) may be formed in the substrate or cover or the
features may be formed in both the substrate and the cover. The parts may then be bonded
together to form the microfluidic device of the present invention. Depending upon the
application, by functional components it is intended electrically conductive elements that
facilitate or enable the intended chemical operations. For example, functional components
can be electrodes for manipulating charged entities, heaters, electrochemical detectors,
valves, sensors for temperature, pH, fluid flow, and the like. By strongly adhered, it is
meant that the component is capable of withstanding conventional peel tests.

[0055] Other variations of the above described invention are disclosed hereinafter
and other variations will become apparent upon reading the following description in

conjunction with the accompanying drawings.

MICROFLUIDIC DEVICES
[0056] An example of a microfluidic device or chip 10 in accordance with the
present invention is shown in FIGS. 1 and 2. FIG. 1 is a top view of a chip 10 and FIG. 2 is
a cross sectional view of the chip 10 of FIG. 1 taken along A-A. The microfluidic device
10 shown in FIGS. 1 and 2 is not to scale and is intended to illustrate structure which may
be difficult to recognize if drawn to scale. In particular, the size of microchannel 14
relative to the thickness of the device 10 is exaggerated in FIG. 2.
[0057] Microfluidic device 10 includes a substrate 18 and a cover or plate 20
bonded to the substrate. While the substrate 18 is shown in the figures as a rectangular
plate, the substrate may take a variety of different shapes including disc-like or other
shapes. Further, the substrate is not limited to being positioned on top but may be
positioned on the bottom of the microfluidic device or positioned in the microfluidic device
between two components as in a sandwich configuration. Examples of microfluidic
structures are described in, for example, U.S. Patent Nos. 5,750,015, 5,126,022 and
6,033,546.
[0058] A substrate or chip preferably has a thickness (T), width (W), and length (L)
0f 0.005 to 0.5 inches, 0.5 to 10 inches and 1 to 10 inches, respectively. Additionally,
certain films may be used as chips and be as thin as 0.005 inches.
[0059] The substrate 18 typically features at least one generally planar surface

having one or more microchannels 14 and one or more apertures or through-holes 24 in
9
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fluid communication with the microchannels. Wells or reservoirs 26 are formed at the
through-holes 24 when the cover 20 is bonded to the substrate 18 as shown in FIGS. 1 and
2. In one variation, a thin film cover is bonded to the bottom of the substrate thereby
enclosing and sealing the microchannels. Access to the channels is provided via the
through-holes in the substrate.

[0060] In a preferred embodiment, the subject integrated device can be configured
as a microfluidic lab chip comprising channels generally having microscale cross-sectional
inner dimensions such that the independent dimensions are greater than about 1 um and
less than about 1000 pm. These independent cross sectional dimensions, i.e. width, depth
or diameter depending on the particular nature of the channel, generally range from about 1
to 200 pm, usually from about 10 to 150 um, more usually from about 20 to 100 pm with
the total inner cross sectional area ranging from about 100 to 40,000 pm?, usually from
about 200 to 25,000 um®.  The inner cross sectional shape of the channel may vary
greatly. Configurations include but are not limited to rectangular, square, thombic,
triangular or V-shaped, D-shaped, U-shaped, circular, semicircular, trapezoidal, ellipsoid
and the like.

[0061] Other suitable channel cross sections may be employed in the devices of the
present invention. It is also preferred that channels have a surface finish that does not
result in irregular flow effects. The number of channels in communication with a given
waste well may vary greatly. For example, only one channel may be so-connected.
Alternately, upwards of 20 to 100 channels may empty into a single waste well. Further, it
is contemplated that a number of interconnected channel functional units may be provided
on a single chip. An example of a single channel functional unit is shown in FIG. 1.

[0062] While not shown, the cover may also include one or more microchannels
and apertures. The cover may be a more or less rigid plate, or it may be a film. The
thickness of the cover may be different for materials having different mechanical
properties. Usually the cover ranges in thickness from at least about 200 microns, more
usually at least about 500 microns, to as thick as usually about 5 mm or thicker, more
usually about 2 mm. However, when the cover is a film, its thickness may be as small as
25 microns.

[0063] The cover and substrate may be injection molded or otherwise formed. For

example, the cover and substrate may be formed in accordance with methods disclosed in

10
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co-pending provisional U.S. Application No. 60/304,464 entitled "Injection Molding
Techniques For Forming A Microfluidic Structure Having At Least One Flash Free
Aperture" and filed July 11, 2001. Further, the cover may be fabricated from a single
material or a composite material. Suitable materials for the cover and substrate include but
are not limited to polymers such as acrylics, polycarbonate, polystyrenes, noncyclic and
polycyeclic olefins such as polynorbornenes, and other polymers which are suitable for

molding or forming. The cover may also be printed circuit board.

NORBORNENE BASED SUBSTRATES
[0064] The substrates of the provided devices can also be produced using
norbornene-based monomer molecules polymerized through a ring opening metathesis
polymerization (ROMP) followed by hydrogenation. The polymers are substantially
completely hydrocarbon, will generally have less than about 5% unsaturation (based on the
number of double bonds present prior to hydrogenation), and may have heat resistance,
having a T of greater than about 60°C, usually greater than about 90°C. Comonomers
include substituted norbornene modified monomers, particularly alkyl substituted
norbornenes and polycyclics, 1-olefins of from about 2 to 10 carbon atoms, etc.
[0065] By norbornene based polymers it is intended that the polymer comprise at
least about 10 mole % of a norbornene monomer, particularly where the polymer is formed
by polymerization using ring opening metathesis polymerization (ROMP), followed by
hydrogenation to reduce available unsaturation. Desirably, the norbornene based polymer
will consist of monomers comprising norbornene and substituted norbornenes.
[0066] The norbornene monomer will usually be at least about 20 mole %, more
usually at least about 50 mole %, frequently at least about 75 mole %, of the copolymers.
The intrinsic viscosity of the polymers will be at least about 0.5 dl/g (as determined in
toluene at 25°C). The polymers can be prepared in conventional ways, a number of homo-
and copolymers being commercially available. See, for example, U.S. Patent no.
5,191,026. Conveniently, the norbornene polymers employed by the provided devices are
produced by ring opening metathesis (ROMP) of norbornene or norbornene derivatives.
The metathesis reactions are known in the art, examples of which are provided in U.S.
Patent Nos. 4,945,135; 5,198,511; 5,312,940; and 5,342,909. After polymerization, the

double bonds of the main polymer chains and the substituents are substantially saturated
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through hydrogenation. See Hashimoto, M., Synthesis and Properties of Hydrogenated
Ring Opening Metathesis Polymer, Polymeric Materials: Science and Engineering,
American Chemical Society, Vol. 76, pg. 61.

[0067] Preferably, the subject substrate material is amorphous, water insoluble,
non-porous, nonpolar (electrically neutral) and electrically non-conductive, i.e. has a high
electrical resistance. Preferably, the material is stable having sufficient mechanical
strength and rigidity to retain its shape under the conditions required for chemical
operations. For instance, capillary electrophoresis often requires the use of a salt
containing aqueous media in which the pH may range from 2 to 12. The polymers are
preferably thermoplastic and suitable for precision forming or shaping using conventional
molding and extrusion processes. Web based film processing is also possible where the
subject polymer is extruded into a substrate form. See, for example, PCT/US98/21869.

. The films prepared will generally have a thickness in the range of about 251 to 1000,
more usually in the range of about 25u to about 750u. For the most part, the substrate
material in this variation comprises one or more different monomers, wherein individual
monomeric units along the chain may vary, depending upon whether the polymer is a
homo- or copolymer, where the polymer will comprise at least about 50 mole % of

monomers of the formula:

R, Rz

wherein R; and R; are hydrogen, alkyl of from 1 to 12, usually 1 to 6 carbon atoms or are
taken together to form a ring with the carbon atoms to which they are attached, where the
ring structure may be mono- or polycyclic, and will have including the carbon atoms to
which they are attached, from about 5 to 12, usually from about 5 to 10 carbon atoms, and
may be substituted or unsubstituted, particularly from 1 to 2 alkyl substituents of from

about 1 to 6 carbon atoms.
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[0068] Of particular interest are copolymers based on norbornene and, at least one
of dicyclopentadiene (DCP), tetracyclododecene (TCD), 4,7-methano-2,3,3a,4,7,7a-.
hexahydroindene (HDCP) or dihydrodicyclopentadiene, 1,4-methano-1,4,4a,9a-
tetrahydrofluorene (MTF), and the alkyl substituted derivatives thereof, particularly having
from 0 — 2 alkyl groups of from 1 to 6, usually 1 to 3 carbon atoms.

[0069] The desired properties and overall qualities of the polymers employed for
the substrates of this embodiment can be manipulated through variations in the selection
and ratio of the monomeric units. See Hashimoto, M., Synthesis and Properties of
Hydrogenated Ring Opening Metathesis Polymer, Polymeric Materials: Science and
Engineering, American Chemical Society, Vol. 76, pg. 61. Accordingly, the subject
polymers will preferably have good solvent resistance to organic solvents, light
transmittance at a thickness of 3 mm (ASTM D1003) of greater than about 90% at 350 nm
and above, low water absorption of <0.01 (ASTM D570); low autofluorescence, usually
less than 30%, more usually less than about 20% of the lowest signal to be detected using
the subject device; compatibility with conventional chemical reagents and media, with low
adsorption of the media; wettable by aqueous salt solutions under the conditions of
electrophoresis; and capable of molding and extrusion with retention of features that are
introduced. For fabrication and use, it is also desirable to have a device which has a
resistance to heat. Commercially available versions of the subject (co)polymers include the
Zeonor® and Zeonex® polymer series from Nippon Zeon; the Accord® polymers from BF
Goodrich; the Topas® polymers from Ticona; and the Arton® polymers from JSR. For a
description of some of these polymers, see for example, Schut, J.H., New Cyclic Olefins
are Clearly Worth a Look, Plastic Technology, Vol. 46, No.3, March 2000, pg. 44.
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INTEGRATED ELECTRODES
[0070] Referring again to FIGS. 1-2, microfluidic chip 10 also features integrated
electrodes 28. Integrating electrodes into chip 10 eliminates the need to "drop in"
electrodes as described above. Each electrode 28 is shown positioned in the reservoirs 26
such that the electrode electrically contacts a material or medium contained in the reservoir.
Suitable materials and mediums include but are not limited to fluids (e.g., buffered
solution) and gels such as polyacrylamide gel and agarose. Suitable materials also include
samples comprising one or more charged entities.
[0071] The electrodes 28 may be connected to a programmable voltage controller
for applying desired voltage differentials across the channels. In operation, samples may
be added to one or more of the reservoirs and are electrokinetically driven through the
microchannels to carry out various biochemical processes such as those mentioned above.
Types of microfluidic applications and voltage control for manipulating materials in the
various channels are described in a number of patents including, for example, U.S. Patent
Nos. 5,126,022; 5,750,015, 5,858,187, 6,010,607; and 6,033,546.

- [0072] In addition to being used as driving electrodes, the integrated electrodes may
be used for other functions including: heating elements, electrodes, electrochemical
detectors, sensors for pH, temperature, fluid flow, pressure and the like. In this manner, the
electrodes are functional components which can be used to induce and control movement
of fluids through the application of an electrical potential or current, control temperatures
within localized areas of the device, enable electrochemical detection, control hybridization
or binding of entities, conduct mixing of fluids, monitor flow, and the like. For
determination of specific design and composition, it should be understood by those skilled
in the art that the components must be electrically conductive. By electrically conductive,
it is meant that these components are capable of conducting more than trivial amounts of
electricity. The electrical resistance may be high or low, depending on many factors
including electrical properties of the component’s composition as well as its dimensions.
For ordinary electrical conductors, low resistance is generally preferred. For resistors,
higher resistances are usually desired. The resistance should not be so high, however, that
for practical purposes they are not significantly conductive, as would be understood by
those skilled in the art. From conventional equations 1 and 2, below, it is readily apparent
that the design parameters of the components, i.e. width, shape, composition and thickness,

are dependent upon desired resistance and conductivity.
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[0073] Equation 1: 'V =IR where V is applied voltage, I is the generated current,
and R is overall resistance.

[0074] Equation2: R =p * L/A where R is overall resistance, p is resistivity of
the conductive material, L is the length of the component and A is its cross sectional area.
[0075] Accordingly, the relative dimensions of the components will be determined
by their intended function, i.e. a component that generates heat will generally have a higher
resistance and a component that provides a voltage gradient from a specific power supply
will usually have a lower resistance.

[0076] Conveniently, the subject components will be provided as a film or layer
adhered or strongly adhered to the surface of the substrate. The thickness of this film will
generally be in the range of about 50 A — 4000 A, more usually about 1500 A to 3500 A,
usually about 2000 A - 3000 A . For some integrated components such as integrated ink
electrodes, the thickness may range from 5 to 100 pum and more usually from 10 to 20 um.
The width of the film will be optimized according to relative design limitations. For
instance, the greater the width of the component, the more susceptible it is to delamination.
On the other hand, a narrower film inherently generates a higher resistance. Accordingly,
the width of the subject components will usually be in the general range of about 1 pm to
1000 um. For some integrated component such as integrated ink electrodes, the width may
range from 50 to 4000 um and more usually from 100 to 1000 um. The length of the
component is similarly determined by various design factors such as the required absence
or presence of heat, the required voltages or currents, and the composition of the
components.

[0077] Electrically conductive components can be comprised of a variety of
materials. For example, in one embodiment the components are comprised of a metal,
preferably a stable and unreactive noble metal where the component is exposed to relevant
chemical reagents or samples, for example, where the component is a sensor for pH

measurements or electrochemical detection.

ELECTRICALLY CONDUCTING INKS
[0078] In one variation, the electrically conducting components or electrodes are an
electrically conducting ink. However, other conducting materials are suitable given they do
not deter from assembling the components as discussed further below. Examples of

suitable inks for use as electrodes in accordance with the present invention include
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polyester or acrylic-based carbon/graphite ink, platinum ink, silver ink, silver/silver
chloride ink, and metal powder doped carbon ink. However, other inks containing
conductive metals or graphite may be used in the present invention. Such inks are well
known in the art. See, for example, U.S. Patent No. 5,047,283 and its cited references for a
general description of electrically conductive inks printed on polymer surfaces, each of
which is incorporated herein by reference. In yet another embodiment, the electrodes or
functional components can consist of an epoxy resin comprising an electrically conductive -
portion, usually metal.
[0079] Use of ink components or ink patterns is desirable because bubble formation -
is reduced during application of voltages to a medium in electrophoretic applications.
Bubbles are usually generated on conventional electrodes (e.g., platinum or gold
electrodes) during electrophoresis and can terminate the experiments or affect the
separation results, especially for longer separation experiments, like DNA sequencing.
However, bubbles on carbon ink electrodes are rarely observed in assay experiments. This
bubble reduction phenomena may be because of the unique electrode morphology (higher
surface area and porous surface). In the case of Ag/AgCl ink, no bubbles were observed
during electrophoresis because of the Reduction of Ag" or the oxidation of Ag in the ink.
In any case, it enables the application of higher voltages or electrical fields in electrokinetic -
applications thereby resulting in more efficient operations. Relative to capillary
electrophoresis, this translates into more efficient separations and higher resolving
capability.
[0080] Further, during longer DNA separations where bubbles are more likely to
form, the electrodes may be positioned or deposited on the device such that the chip
performance is not affected. By placing electrodes in the reservoirs or wells distal to the
channel as shown in FIG. 1, bubbles formed in the reservoir are prevented from going into
the channel and thus separation performance in a controlled mode can be achieved.
[0081] Importantly, different inks can be selected based on specific applications.
For example, Pd-doped carbon ink electrodes can be used to reduce the bubble generation
on cathode because of the formation of the Pd hydride. Ag/AgCl ink can be used, for
example, to totally suppress the bubble generation during electrophoretic separations at
both the cathode and anode. This follows from the following equations:

Anode: Ag-¢ = Ag"

Cathode: AgCl+e = Ag+ CI’
16
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[0082] The electrochemical results, discussed infra, support the above statements
regarding bubble suppression.

[0083] Accordingly, the present invention includes use of inks not only to drive,
heat, detect and control materials in electrokinetic applications, but also to suppress and
reduce bubble formation. As noted above, bubble reduction and suppression may be
carried out by simply applying an ink pattern for use as an electrode itself or by coating a
wire or other type of electrode with an electrically conducting ink. Ink itself can also be
used as a matrix (or support) for incorporating other agents to eliminate bubble generation.
[0084] The above discussed electrically conducting ink and electrode patterns
preferably incorporate conductive leads. In other words, the ink and electrode patterns
preferably include a functional portion or component and other features such as leads,
contact regions, and any other useful feature in carrying out the invention.

[0085] Incorporating leads into the electrode pattern enables the delivery of a power
source to the component as in the cases of heaters or electrodes for driving charged entities,
and the delivery of a signal from the component to relevant monitoring equipment, such as
in the case of a sensor for monitoring pH, electrochemistry, temperature, flow, and the like.
These leads are subject to the same design parameters and limitations to the functional
components as referenced above. Preferably, thin film connections are utilized from the
edge of the chip. This facilitates electrical connection of the device with automated
electronics, for example a computer processor for operating the device, i.e. administering
current, monitoring conditions within the device, and the like. An example of such a lead
connection in a microfluidic device is described in U.S. Patent No. 5,906,723 which is
incorporated herein by reference. Another benefit of using a thin film connection readily
becomes apparent with the manufacture of a multi-layered device where leads to the
component that are interposed between two layers can interfere with the bonding or sealing
of a laminate device.

[0086] In one embodiment, the leads to the functional components can consist of
wires directly connected to the device. By directly connected it is intended that the leads
are in contact with the components such that an electrical current can adequately pass
through the connection. Preferably such a connection is accomplished through soldering or
other known methods for keeping two conductive surfaces in contact with each other. In
another embodiment, such as that illustrated in FIG. 9, the lead(s) 100 can be integral to the

component 101 itself comprised of a single film patterned into relevant functional regions.
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[0087] In another embodiment, the leads can be comprised of an electrically
conductive fluid. Depending upon the application, such a fluid can be electrically
conductive, thermally conductive or both thermally and electrically conductive. With
reference to FIGS. 4A and 4B, electrical connection to the functional component can be
accomplished through the use of microchannel networks filled with the conductive fluid
204 and in fluid connection with the component 206. The dimensions of the microchannels
are in accordance with the required design parameters of the leads. One variation on this
approach would be that in which the electrically conductive fluid comprises the functional
component itself, for instance, a serpentine channel that is filled with an electrically
conductive fluid is an example of a working design for a heater element. Another variation
would be to introduce a conductive fluid into the microchannels which will subsequently
cure into a solid form that is stable and integral to the device. In the alternative, localized
regions of the fluid can be selectively cured, i.e., photocurable fluids selectively exposed to
UV light. Such designs may be particularly useful for the manufacturing of the provided
devices, especially those that may be multidimensional or multi level. Curable conductive
fluids would include epoxy resins and inks comprising an electrically conductive portion,
usually metal or graphite. Other examples of electrically conductive fluids include uncured
inks and ionic or electronic liquid conductors. For example, aqueous salt solutions and
liquid metals are useful in the invention. Conveniently, liquid metals such as mercury can
be used in order to avoid hydrolysis and the generation of gases from reduction and
oxidation processes present at electrodes where ionic solutions are utilized. Such reactions
can also be minimized through the use of ionic entities in nonaqueous solvent such as
methanol and the like.

[0088] Other approaches include tailoring the components and the conductive fluid,
for example, coating electrodes with silver chloride in combination with the use of an
aqueous solution of chloride ions as the conductive fluid. In one variation, as discussed
above, platinum electrodes are coated with a conductive ink to reduce air bubble formation.
The inks may be the same as those mentioned above and have a thickness of 5 to 500

microns and more preferably between about 10 and 150 microns.

ELECTRODE FILM DEPOSITION
[0089] As noted above, metallic leads may be deposited on substrates or covers of

the microfluidic device to carry out electrokinetic operations. Deposition of conductive
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leads and functional components on to the subject substrates can be accomplished through
a variety of conventional methods including both chemical and physical methods. For a
general discussion of metal deposition on polymer substrates, see Metallized Plastics I
Fundamental and Applied Aspects, Eds: K. L. Mittal and J. R. Susko, Plenum, 1989.
Regardless of the approach used, strong adhesion of conductive films to a particular
substrate is dependent upon the interaction between the particular film and the substrate
surface. This interaction can take the form of physisorption (a strong physical bond: €. g.,
van der Waals forces), chemisorption (e. g., ligation of the metal to functional groups in the
plastic), chemical reactions involving the formation of very strong covalent bonds between
the plastic and metal, interdiffusion, mechanical interlocking, and combinations thereof. A
chemical interaction is generally required for electroless deposition where binding requires
that surface be functionalized with a ligand, such as an amine or acid group. For some
plastic materials ligands such as these are intrinsic to the surface, and in other cases they
need to be induced via surface processing (plasma, corona, chemical oxidation, etc.). See,
for example, Martin et al., Analytical Chemistry, 1995, 67, 1920-1928. Physical
modification of the plastic surface can also be used to enhance adhesion to a plastic
substrate. See, for example, US Patent Nos. 6,099,939, 5,047,283, and US SIR No. H1807,
each of which is incorporated herein by reference. These chemical and/or physical
modifications however can be detrimental to the manufacture and operation of analytical
devices, interfering with pattérning lithography, bonding of polymer laminates; and
creating chemically reactive substrates. '

[0090] We have tested the deposition of conductive films on certain substrates such
as norbornene based substrates and have found they provide good adherence to metallic
electrodes and are resistant to harsh processing conditions. In particular, we prepared
norbornene based substrates from Zeonor 1420R polymer. Cards with a thickness of 1.5
mm, were created by compressing 20 g of Zeonor resin between two 5.5 electro-form
mirrors at a temperature of 370 °F.

[0091] The conventional peel test for checking adhesion of metallized films was
used. This involved applying a piece of adhesive tape to the deposited metal and then
pulling the tape off. If the tape came off without the adherent metal, then the deposited

metal adhered well to the substrate surface and could be used for various applications.
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[0092] We deposited metals using several techniques including (1) electroless

deposition, (2) direct deposition and (3) photolithography.

[0093] (1)  Electroless Deposition

[0094] Deposition of copper onto five norbornene based substrates was
accomplished through three steps: activation, nucleation, and plating.

[0095] In the activation step, a clean Zeonor substrate, not pretreated or etched in .
any special way prior to metallization, was immersed in 0.3 M SnCl, + 0.6 M HCI for 2
min, then thoroughly rinsed with di-ionized (D.1.) water.

[0096] In the nucleation step, the Sn>*-sensitized Zeonor card was exposed to
solution of 10 mM PdCl, + 0.21 M HCl. Pd nanoparticles were formed with the Pd acting
as both catalyst and nucleation site for the deposition of Cu during the plating step
described below.

[0097] The last step of the electroless deposition was the plating of Cu on the
Zeonor surface which was modified with Pd nanoparticles. The composition of the Cu
plating solution is shown in Table 1. The thickness of the deposited Cu layer was ~0.2 um

after deposition for 7 min.

Table 1. The composition of aqueous Cu plating solution*

Chemicals g/l
CuSO45H,0 5
KNaC4H;04-4H,0 25
NaOH 7
HCHO 10

*The temperature for the plating was 20 £ 2 °C.

[0098] In five out of five norbornene substrates independently metallized with
copper through electroless deposition, we observed strong adhesion between the metal and
the substrate. Through subsequent displacement reactions with the metallized copper
surface, silver, gold, palladium and platinum were deposited onto the norbornene based

substrates.
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[0099] (2)  Direct Deposition of Gold onto Substrate Surface

[00100] Vacuum deposition was carried out using the following procedure: Five
norbornene based substrates were rinsed with distilled water prior to introduction into a
vacuum chamber. After evacuation of the chamber, a layer of gold (200 nm thick or other
thickness between 5 to 400 nm) was deposited on the substrates by e-beam deposition, at
1.5 nm/second. The substrates were then removed from the chamber for subsequent
adhesion testing. In 80% of the metallized substrates, the adhesion demonstrated was
excellent, passing the “tape test” as defined above.

[00101] Sputter deposition was carried out using the following procedure: four sets
of norbornene based substrates (5 substrates to each set) were rinsed with distilled water
prior to introduction into a vacuum chamber. After evacuation of the chamber, each set
was individually subjected for 30 seconds at 500 W to an argon plasma (10 torr), and then
200 nm of gold was deposited. The substrates were then removed from the chamber for
subsequent adhesion testing. With all substrates, the adhesion demonstrated was excellent,

passing the “tape test” as defined above.

[00102] (3)  Photolithography

[00103] We also performed two photolithography procedures including one
procedure for features larger than 50 um and one procedure for features less than 50 um.
[00104] The procedure for preparation of features bigger than 50 pm on Zeonor
included the following: (a) subsequent to deposition in the electroless manner above, a
layer of Shipley 1818 was spin coated on the gold surface of the substrate at a speed of
4000 rpm for 40 seconds; photoresist was cured in an oven at 90 °C for 20 min.; (b) the
photoresist was then exposed to a Hg Arc Lamp (500 W) for 20 seconds through a mask;
(c) the photoresist was developed for 1 min. in a Shipley Microposit® developer; (d) Au
was etched using Au (Gold Etch, Arch) etching solutions for respectively 1 min.; and ()
the remaining photoresist was then rinsed off with acetone leaving the desired pattern.
[00105] The procedure for preparation of features smaller than 50 pm included the
following steps: (a) Subsequent to deposition from the electroless manner above, a layer of
AZ P4620 photoresist was spin coated on the gold surface of the substrate at a speed of
4000 rpm for 80 seconds; photoresist was cured in an oven at 90 °C for 30 min.; (b) the

photoresist was then exposed to a Hg Arc Lamp (500 W) for 40 seconds through a mask;
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(c) the photoresist was then developed for 4 min in a Shipley Microposit® developer; (d)
Au was etched using Au (Gold Etch, Arch) etch solutions for 1 min; and (e) the remaining
photoresist was rinsed off with acetone leaving the desired pattern.

[00106] Using the methods described above, several types of masks can be used to
pattern electrodes on the surfaces of norbornene based substrates. For features > 500 pm,
i.e. electrodes needed for a capillary electrophoresis power supply, a normal transparency
can be used as a mask. For patterns with features smaller than 300 um, a transparency film
mask can be prepared from a high-resolution laser photoplotter. To pattern a. feature with a
very thin line width (< 20 um), i.e. a heater element, a glass mask should be used for the
patterning.

[00107] Given the native surfaces of the apparently neutral norbornene based
substrates, it is unexpected that conductive metals deposited on the substrate surfaces
exhibit characteristically strong adhesion, withstanding conventional peel tests. This has
been demonstrated with deposition by sputter and vapor techniques as well as with
electroless deposition. In all instances, surface modification of the norbornene based
substrate is not necessary to achieve a strong adhesion. Accordingly, a nonlimiting
exemplary substrate for use with the present invention includes a norbornene based
substrate. Norbornene based substrates are particularly suitable for applications wherein
the processing steps require high heat or other conditions which may adversely affect other
substrates.

[00108] In the cases where electrically conductive inks are the provided
embodiment, the inks can be applied to the substrate through a variety of printing
approaches including but not limited to screen printing, ink jet applications, printing
presses, pad printing and the like. Similarly, the ink can also be patterned through
conventional lithography where needed.

[00109] The adhesion of ink on certain substrates such as polycyclic olefin is weak.
However, plasma or corona treatment may be used to treat the surface of the substrate to
improve adhesion.

[00110] The present invention thus includes various methods of applying ink
electrodes to a substrate. The present invention also includes but is not limited to the use of
certain substrates which have characteristics uniquely suited for various processing

conditions. For example, the subject substrates may be chosen to be uniquely suited to an
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application in that they are highly resistant to processing conditions required for ink
application. For a general description of printing electrically conductive inks on polymer
surfaces, see U.S. Patent No. 5,047,283 and its cited references, each of which is
incorporated herein by reference.

[00111] Because some printing techniques require a curing or bonding step at a high
temperature, not all plastics can withstand the printing step because they do not have the
requisite heat resistance. Further, certain plastics which do have the requisite heat
resistance, e.g., polyimide, may exhibit autofluorescence or other properties which may be
detrimental to the intended operation of the device. An integrated device having a highly
fluorescent substrate is not practical if the intended application of the device is analyzing
fluorescently labeled polynucleotides. Such a substrate would exhibit background
interference, hindering necessary optical detection.

[00112] Accordingly, a heat-resistant substrate may be preferred in certain situations.
For example, in high throughout production lines, ink may be applied in a continuous
manner onto a thin plastic film supplied by a reel. The coated film may then be moved
through a heat tunnel to facilitate curing of the ink. For fast curing, the temperature must
be relatively high to ensure the ink will cure before the next step in the fabrication process.
[00113] The present invention also includes use of polymers sensitive to processing
conditions such as polymers with ordinary or low resistance to temperature. When using
such polymers, however, more time must be allotted for curing. Curing could be carried
out individually or in batch processes wherein the ink is simply allowed to cure over time at
room temperature or a temperature which does not damage the polymer.

[00114] In sum, the present invention includes patterning ink onto substrates made of
various materials. The materials used to form the substrate and cover may vary greatly.
Preferably, the substrate material possesses an overall combination of properties that makes
it optimally suited for relevant processing and operation. A preferred substrate, for

example, is a norbornene based substrate.

BONDING TECHNIQUES
[00115] The present invention also includes novel bonding techniques. FIGS. 3A-
3C depict bonding techniques in accordance with the present invention. In particular,

FIGS. 3A to 3B are cross sectional views of the device shown in FIG. 1 taken along B-B.
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Note that FIGS. 3A to 3B are not drawn to scale and are intended to show structure which
would be difficult to see if drawn to scale.

[00116] A preferred assembly is illustrated in FIG. 3A. Referring to FIG. 3A, a
substrate 50 is thermally formed around electrode 56. Surprisingly, a fluid tight seal can be
formed along the electrode traces despite the presence of the electrode traces between the
substrate and the cover. The device 50 thus features fluid tight sealing of microchannels,
reservoirs and integrated electrodes. An exemplary construction includes a screen printed
conductive ink electrode trace on a cover 52 such as a thin film of plastic. The thin film of
plastic is thermally laminated to a substrate having microchannels, wells and other useful
features in carrying out microfluidic applications. Importantly, we have found that this
exemplary configuration does not leak along the electrode traces when fluids are added to
the reservoirs.

[00117] Another suitable assembly is illustrated in FIG. 3B. Referring to FIG. 3B, a
device 70 includes a substrate 72, a cover 74, an electrode 76, and an adhesive layer 80
disposed between the cover and the substrate to bond the components together and form a
fluid tight seal at the interface where the substrate and cover contact the electrode. The
adhesive 80 may be a pressure sensitive adhesive (PSA). The adhesive 80 is preferably
applied, printed or patterned on the cover around the electrode 76 and along the edges of
the channels and reservoirs; the adhesive may simply be applied around the electrode 76 to
the rest of the cover. An exemplary construction includes screen printing a conductive ink
electrode trace on a cover such as a plastic film. PSA is then screen printed on the cover
around the ink electrode traces. The PSA coated cover is then pressed against a substrate .
containing channels and wells. Importantly, we have found that this exemplary
configuration does not leak along the electrode traces when fluids are added to the wells
and channels.

[00118] Another suitable assembly is illustrated in FIG. 3C. Referring to FIG. 3C, a
device 90 includes a substrate 92, a cover 94, an electrode 96, and an adhesive layer 98
disposed between the cover and the substrate to bond the components together and form a
fluid tight seal around the electrode. Unlike the configuration shown in FIG. 3B, the
adhesive layer 98 in this configuration overlaps the electrode thereby forming a space or
channel 99 in the device. The adhesive thus acts as a spacer as well as a seal.

[00119] The adhesive 98 is applied to the cover as discussed above and is preferably

a double sided adhesive layer. The cover 94 is then laminated or pressed onto the substrate.
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An exemplary construction includes screen printing a conductive ink electrode trace on a
plastic cover such as a plastic film. A double sided PSA is then laminated onto the cover.
Suitable PSAs include but are not limited to 3M 1522. Next, a substrate having
microchannels and wells is pressed against the adhesive layer to enclose the microfeatures
and form a seal.

[00120] The integrated components or electrodes can be provided in a number of
configurations. For instance, the microdevice can comprise a single layer or a laminate as
in FIG. 4A where each layer can provide a functional aspect to the device. For example,
one layer may serve as a first substrate 202 where the microchannels 210, 204 and other
features, e.g. reservoirs, may be cut, embossed, molded, etc. The other layer(s) may be
used as substrates 208 for incorporating the functional components, providing ports or
wells, and for sealing the microchannels and other features of the first substrate.

[00121] As shown in FIG. 4B, the layers are brought together in an orientation such
that the integrated components and various features on all the layers can interact
accordingly with the microchannel. As stated above, joining the individual layers may be
accomplished by heating, adhesives, thermal bonding, ultrasonic welding or other
conventional means. Commonly, the devices are prepared by molding a substrate with the
individual features and components present in the substrate and then applying a cover layer
to enclose the microchannels, where access to the reservoirs may be provided in the
molding process or by the cover layer. In a variation to this design, the components can be
integrated in an independent cover lid that seals the reservoirs or sample wells of the device
and minimizes evaporation. In such a configuration, the components will generally consist

of driving electrodes positioned such that they will be in fluid contact with the reservoirs.

APPLICATIONS
[00122] The present invention may be used for various applications. Placement of
the components relative to the other microfeatures of the device may be tailored to optimize
the desired application. For instance, where electrochemical detection is desired in an
electrophoretic device, the positioning of the electrodes relative to a driving potential
affects sensitivity and resolution.
[00123] FIG. 5 shows one design for an electrochemical detector that demonstrates
such a configuration. The detector is comprised of interdigitated detection elements 501,

leads 507 and contacts 513. The detection elements 501 are located near the end of the
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capillary channel 503 for purposes of optimizing detection signals. For a general
description of electrochemical detectors and their placement relative to electrophoretic
channels, see U.S. Patent No. 5,906,723 which is incorporated herein by reference. If the
component is to serve as a driving electrode for controlling movement of fluids, the
electrode should be placed in fluid connection with the channel 503, either directly or
through a permeation layer, at opposite ends, alongside, or in localized regions of the
channels. Preferably the electrode 509 is placed or positioned in a reservoir 505 located at
the end of the channel 503. The driving electrode can be provided in a variety of shapes
~and dimensions, such as a half circle 509 or whole circle in fluid connection with the
reservoir 505.
[00124] FIGS. 6A and 6B show another configuration of the present invention
having integrated electrode heating elements. Referring to FIG. 6A, a partial top view of a
device 450 is shown having an electrically conducting ink pattern incorporated therein. In
particular, FIG. 6A depicts a heating element 454 as a single linear strip ink electrode. The
ink pattern also includes leads 456 and contacts 458 to provide a convenient electrical
connection to a voltage or current source. Current is applied to the heating element via
contacts and leads to heat the channel 460. Also, the heating element 454 is not in direct
contact with the channel and is separated by a cover 462. Cover 462 is shown bonded to
substrate 464 thereby enclosing channels 460. The device 450 also may include a support
466. Notably, this configuration has been found to suitably heat materials in the channel
460. Further, the heat may be controlled by varying other properties or parameters of the
device such as the voltage supplied to the electrode.
[00125] FIGS. 6C and 6D show another variation of the present invention
comprising a heating element. In this configuration, electrically conducting ink heating
element 470 is serpentine shaped and is shown having square-like turns. The pattern,
however, need not be square-like and other patterns may be employed. The configuration
shown in FIGS. 6C and 6D also include contacts 472 and leads 474. The heating element
470 is positioned below cover 476 and is not in fluid communication with channel 478.
Using this configuration, we have found that the measured resistance is higher than a
straight strip and that materials in channel 478 may be heated when voltage is applied to the
electrically conducting ink pattern 470.
[00126] While the heating elements have been shown thus far as being positioned

below the cover and not in fluid communication with the channel the invention is not so
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limited and other configurations may be employed. For example, a component 301 can be
provided on a cover film 303 that seals the channels 307 as shown in FIG. 7A such that the
component 301 is in direct contact with the channel contents; a component may be adhered
to the opposite side of the channel substrate 305 as shown in FIG. 7B; and the component
can be provided on the exterior surface of the cover film as shown in FIG. 7C. By
component it is intended to include but not be limited to electrodes such as electrically
conducting ink electrodes patterned on a cover or substrate.

[00127] Another configuration is shown in FIG. 8 where the driving electrode 612 is
merely and extension of the lead, whereby hydrolysis is minimized by the smaller surface
area of the provided electrode. For purposes of controlling temperature, the components
can be configured as heaters placed within certain localized regions along the channel of
interest. One design for such a heater includes a serpentine-like heater element 602, leads
606, and contacts for the power supply 610. Another heater design includes a heater
element that is a solid band as described in FIG. 6A above and variations or combinations
in between.

[00128] With reference to FIG. 9, a heater integrated on the surface of a norbornene
based substrate is shown whereby the heating element portion of the component is
serpentine in shape and is of a length of about 230 mm. Its width is approximately 100 pm
and its thickness is about 2000 A. The heater is comprised of gold with a resistance of 790
Q under an operating voltage of 25 V. The leads providing current to this heater are .
incorporated into the gold film, also having a thickness of about 2000 A. Their width is
also about 100 mm while their length is about 12 mm. The intended application of this
particular heater design is to control the temperature in a microfluidic channel. Its general
orientation is orthogonal to the particular length of a microchannel so as to heat the channel
contents in a localized region of the device. Techniques for depositing metal films are
described in U.S. Provisional Application 60/233,838 which, as mentioned above, is -
incorporated by reference in its entirety.

[00129] = Referring to FIGS. 19A and 19B, a metallic serpentine-type heating element
having a resistance of 790 ohms was tested. As shown in FIG. 19A, a voltage of 25 volts
casued an increase in temperature from about 30 °C to about 90 °C in about 200 seconds.
FIG. 19B further indicates the temperature increases with increasing the voltage.
Temperature appears to be proportional to voltage in this configruation. In FIG. 19B,

temperature was recorded after 2 minutes periods.
27



WO 02/24322 PCT/US01/29307

[00130] The invention may be directed to other applications. For monitoring flow,
for example, electrodes are optimally positioned within the channel to ensure accuracy, i.e.
downstream and immediately adjacent to the location of sample injection or around the
detection zone. For general examples of microchannels, channel networks, microfluidic
chips and their operation, see U.S. Patents 5,750,015, 5,858,188, 5,599,432 and 5,942,443
and International Application No. W096/04547, each of which is incorporated herein by -
reference.

[00131] In another preferred embodiment of the claimed invention, the device can be
. configured as an electronic microarray device incorporating components for conducting
hybridization assays. The components in this embodiment can comprise individually
addressable sites for localizing reactions. For general examples of such devices, including
structure and operation, see U.S. Patent Nos. 5,605,662, 5861242, and 5,605,662, each of

which is incorporated herein by reference.

EXAMPLES
[00132] Various microfluidic devices in accordance with the present invention were
tested. The tests included: (1) on-chip electrophoretic separations using electrically
conducting ink electrodes; (2) field strength tests using electrically conducting ink-
integrated labcards; (3) electrophoretic separations using wire electrodes having an

electrically conductive ink coating and (4) heating using integrated ink electrodes..

[00133] ON-CHIP ELECTROPHORETIC SEPARATIONS

[00134] A microfluidic device as depicted in FIGS. 1 and 2 was fabricated and
tested. In particular, electrically conducting ink electrodes were used as driving electrodes.
for electrophoretic separations for different assays and DNA sequencing. The device
included a poly(methyl methacrylate) (PMMA) substrate and PMMA thin film cover
thermally bonded to the substrate. The channels formed in the substrate were about 50 pm.
in depth. A 10 to 30 pum ink coating was applied to the cover using screen printing
technology to form the ink pattern depicted in FIG. 1 before sealing.

[00135] Enzymatic assays were run in the above described devices. The enzymatic
assay included P450 assay and kinase assay. The incubation can be done both off chip and
on chip. The data shown in this patent are for off-chip incubation. For P450 assay, the

substrate used is dihydrofluorescein diacetate, and the enzyme is CYP3A4. The enzyme
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reaction mixture contained 100nM CYP3A4, 50 uM dihydrifluorescein diacetate, 2.12 mM
NADPH, 40 mM HEPES pH 7.4, 30 mM MgCl,, 2.4 mM reduced glutathione, and a
certain concentration of a stop reagent. The enzyme reaction was initiated by adding
NADPH to the reaction mixture after 3 min. incubation of CYP3A4 with its substrate at 37
°C, and the reaction was stopped for analysis after 30 minute incubation.
Carboxyfluorescein was added as an internal standard (125 nM). For kinase assay, 30 pg/ul
Src kinase, 5 uM substrate (SBQX-4), 100 uM ATP, 50 mM HEPES pH 7.4, 20 mM
Mg(Ac); and a certain concentration of a stop reagent were in the enzyme assay mixture.
The mixture was incubated at room temperature for 30 minutes. 100 nM fluorescein was
added as an internal standard after the incubation.
[00136] FIGS. 10-11 show that the results of the enzymatic assays using integrated
chips. The carbon electrodes can last at least 10 runs and give stable current and
reproducible separation results. Reference numeral 710 represents the carbon ink
electrodes. The results from control experiments where platinum wires were used as
driving electrodes are also given in the figures for comparison. References numeral 720
represent the control. The results obtained using integrated electrodes are nearly identical
to those obtained from external Pt wires. The current is very stable during sample injection
and separation.
[00137] DNA separations were also run in the above described devices. The DNA
separations included Genescan 700 with 18 fragments.
[00138] For DNA separation, the ink-integrated DNA chip has a separation length of
18.5 cm and an offset of 250 pm. The dimension of the channel was 50 by 120 um. This
device gave all the expected 18 DNA fragments. The crossover plot shows separation of up
to 385 base pairs DNA molecules on an acrylic chip at room temperature, better than the
results using Pt wire as electrodes (340 bp, FIG. 12B). However, as evidenced in FIGS.
12A and 12B respectively, the signal from the chip using carbon ink as electrodes is about
30% of that from chip using Pt as electrodes. The carbon ink on plastic chip can survive at
least 10 runs, each run takes over 3000 s, suggesting that the printed carbon ink is very
robust and reliable.
[00139] We also tested electrophoretic separations of four eTag™ probes (ACLARA
BioSciences, Inc., Mountain View, CA, USA) in a device made in accordance with the
present invention. eTagTM probes consist of a fluorescent moiety attached to a charged

molecule having a characteristic electrophoretic mobility. Each probe is, in turn, attached
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to a nucleic acid sequence keyed to a desired RNA or DNA target. The probe sequence can
be encoded by the electrophoretic mobility of the cleaved eTag™ probes, which are
released (cleaved from the nucleic acid sequence) during a nuclease-catalyzed reaction.
Therefore, reliable, high-quality separation is essential to enable the multiplexed expression
assay.

[00140] FIG. 13 shows the electrophoretic separation of four eTag™ probes using
electrodes integrated onto plastic microchips. The results from control experiments are
shown for comparison. Two electropherograms in the same channel show good
reproducibility of the separation and the two electropherograms in dashed line at the
bottom are the results from control experiments where platinum wires were used as driving
electrodes. A mixture of four probes, each at 2.5 nM concentration, was added to the
sample well. The electric field strength for the separation is 400 V/cm. These data indicate
that the separations using patterned electrodes are essentially identical to those obtained
using external platinum wire electrodes.

[00141] We also performed electrophoretic separations for larger numbers of eTag ™
probes. Larger number of eTag™ probes would enable more highly multiplexed assays.
Separation results for 13 eTag™ probes were obtained using control chips (external
electrodes) and electrode-integrated chips made in accordance with the present invention.
The devices were put together as follows: an ink electrode was screen printed on the
polymer film first and then laminated to a substrate having channels and reservoirs.-
Alignment during the lamination assures the ink electrodes were placed in the reservoirs as
indicated in Figure 1.

[00142] These results are given in Figures 14A and 14B and Tables 2 and 3. Results
from control experiments in the same channel and different channel are also given for
comparison. All 13 eTag™ probes are well separated on both chips with similar full width
half maximum (FWHM) and resolution as that using external control Pt wires. However,
the coefficients of variation (CV) on both carbon ink and Ag/AgCl ink, especially Ag/AgCl
ink integrated electrodes are improved, suggesting the reliable and reproducible separation
of multiple e-Tag probes can be achieved using integrated ink electrodes. These results can
be contributed to less bubble generation on carbon ink and no bubble generation on
Ag/AgCl ink during the electrophoretic separations.

[00143] Table 2 (shown below). 13-eTag™-probe separation with control

("Control") chip and carbon ink electrode-integrated ("C-") chip. The first column shows
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the specific eTag™ probes used for the separation. The concentration of eTag™ probes is

from 4 to 40 nM. The separation field strength is 400 V/cm.

eTag | Migration Time (min)

Probes | Average Ccv

(-FC) | Control* | C- C- Control* | C- C-
163 1.58 1.59 | 1.60 058 029 |057
158 1.61 1.62 | 1.62 0.50 029 |0.63
33 1.65 1.66 | 1.67 0.46 030 |0.67
26 1.69 170 | 1.71 0.44 032 |072
25 1.72 1.72 | 173 0.47 031 |078
174 1.75 176 | 1.77 0.49 034 |0.84
1 1.78 1.80 | 1.81 0.53 036 |0.86
187 1.86 1.87 | 1.88 0.64 040 |0.97
188 1.94 196 |1.98 0.89 043 | 1.14
189 2.02 204 |2.05 0.55 033 | 1.03
190 2.11 213|215 0.76 045 {127
191 2.19 222 |224 0.79 049 | 1.40
192 227 230 |232 0.90 052 | 148
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eTag | Normalized peak height (vs. 192FC)

Probes | Average ‘ Cv

(-FC) | Control* | C- C- Control* | C- C-
163 2.09 224 | 222 1.06 3.56 | 345
158 1.85 1.94 | 1.93 2.74 3.68 (292
33 2.38 249 | 247 3.35 3.83 |3.13
26 0.95 104 | 104 575 620 |5.13
25 1.72 177 | 176 1.85 058 |224
174 0.72 075 |05 2.31 385 |3.76
1 2.53 257 | 258 2.69 415 | 4.01
187 1.93 1.99 |2.01 3.07 457 |4.62
188 0.97 1.01 | 095 29.79 27.05 | 34.77
189 0.99 126 | 134 26.34 25.44 | 16.58
190 0.72 0.73 | 0.74 2.07 489 | 824
191 127 127 | 127 1.07 3.04 | 4.07
192 1 1 1
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eTag | Half-peak width (s)

Probes | Average CcvV

(-FC) | Control* | C- C- Control* | C- C-
163 0.18 0.18 |0.8 7.76 1.08 | 1.90
158 0.19 020 |020 3.83 1.03 | 249
33 0.23 023 |024 4.73 087 |2.54
26 0.28 028 |029 5.99 0.80 |3.73
25 0.25 027 |028 9.96 566 |2.87
174 0.29 030 030 3.54 120 |2.62
1 0.34 036 | 037 3.19 127 | 281
187 0.38 040 | 041 3.90 086 |3.22
188 0.32 0.34 | 037 28.27 19.5 |25.88
189 1.18 0.95 |0.89 29.76 3094 | 16.95
190 0.68 074 |0.76 1.55 781 | 1425
191 0.65 073 1075 3.20 839 | 1029
192 0.69 075 | 077 3.95 518 | 638
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eTag | Resolution

Probes | Average Ccv

(-FC) | Control* | C- C- Control* | C- C-
163

158 2.47 251 | 248 2.74 248 | 1.95
33 3.50 355 |[3.10 11.21 12.04 |2.99
26 3.02 3.06 |2.75 10.50 822 |2.00
25 1.70 168 | 1.82 3.23 3.00 | 11.04
174 2.04 206 | 223 2.03 0.82 | 14.01
1 2.37 229 | 230 4.83 020 |1.33
187 3.46 320 |[3.13 8.09 127 | 1.81
188 3.29 347 | 3.60 17.6 509 |2.62
189|209 191 | 211 14.0 6.63 | 3.06
190 2.19 223 | 244 1.02 6.95 | 9.6
191 2.44 239 | 240 4.20 267 |2.78
192 2.05 199 | 1.98 6.48 2.85 | 255

*: Average of 3 control experiments on the same channel
**: Average of 3 integrated-electrode-card on the same channel

##%: Average of integrated-electrode-card on 3 different channels.
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[00144] Table 3. (shown below) 13-eTag™-probe separation with control chip and
Ag/AgCl ink electrode-integrated chip. The first column shows the specific eTag™ probes
used for the separation. The concentration of eTag™ probes is from 4 to 40 nM. The

separation field strength is 400 V/cm.

eTag | Migration time (min)
Probes | Average Ccv
(-FC) | Control* | Ag/AgCl | Control* | Ag/AgCl

163 1.58 1.58 0.80 0.44

158 1.61 1.61 0.84 0.47

33 1.65 1.65 0.72 0.46

26 1.69 1.69 0.73 0.49

25 1.72 1.72 0.84 0.50

174 1.75 1.75 0.88 0.49

1 1.78 1.79 0.95 0.51
187 1.86 1.86 111 0.55
188 1.94 1.95 1.61 0.61
189 2.02 2.03 0.64 0.50
190 2.12 2.12 1.34 0.59
191 2.20 2.20 1.52 0.66
192 227 228 1.66 0.69
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eTag | Normalized peak height (vs. 192FC)
Probes | Average Ccv

(-FC) | Control* | Ag/AgCl | Control* | Ag/AgCl
163 1.80 230 | 1469 3.08
158 1.57 1.98 17.77 3.20
33 2.12 2.50 12.70 2.96
26 0.92 1.02 8.27 2.85
25 1.70 1.74 3.84 3.78
174 0.71 0.74 3.31 2.26
1 2.53 251 321 2.43
187 1.94 1.94 3.55 1.65
188 0.74 0.75 7.32 3.00
189 0.92 1.12 13.89 14.0
190 0.68 0.76 7.89 6.44
191 1.24 1.30 3.09 2.12
192 1 1
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eTag | Half-peak width(s)

Probes | Average Ccv

(-FC) | Control* | Ag/AgCl | Control* | Ag/AgCl

Ink** Ink**

163 0.17 0.18 13.24 2.20

158 0.20 0.19 5.713 1.74

33 0.24 0.23 3.037 1.53

26 0.29 0.28 13.08 2.26

25 0.26 . 0.27 4.03 2.77

174 0.29 0.29 3.15 1.72

1 0.34 0.35 4.88 1.40

187 0.39 0.39 5.17 1.52

188 041 0.41 4.62 2.89

189 1.046 1.02 18.54 19.18

190 0.76 0.68 10.06 9.14

191 0.68 0.66 5.89 4.44

192 0.72 0.71 6.34 2.99
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eTag | Resolution

Probes | Average CcvV

(-FC) | Control* | Ag/AgCl | Control* | Ag/AgCl

Ink** Ink**

163

158 2.26 2.24 14.68 18.68

33 2.84 2.74 34.08 24.12

26 2.53 2.62 13.45 10.16

25 1.63 1.68 8.24 1.44

174 2.04 2.04 0.73 1.51

1 231 2.32 1.28 0.82

187 330 3.20 571 0.61

188 3.56 3.48 6.56 5.46

189 2.17 2.05 6.27 6.80

190  |255 2.34 25.62 13.38

191 239 2.42 3.73 1.03

192 1206 2.04 4.70 3.37

*: Average of control experiments on 3 different channels

**. Average of integrated-electrode-card on 3 different channels
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[00145] FIELD STRENGTH TEST USING INK-INTEGRATED LABCARD
[00146] In our previous work, we found that by using Ag/AgCl ink electrodes, the
bubble generation was eliminated. We further performed field strength experiments to
determine whether we could increase the field strength without generating bubbles. The
field strength applied by way of Ag/AgCl ink electrodes was increased to 600 V/em
without much variation, however, if the field strength in the control experiments (using Pt
wires as driving electrodes) was increased to 600 V/cm, huge variation was observed in
most of the parameters; the current was very unstable due to the bubble generation and
sometimes caused failure of the separation.

[00147] As indicated in FIG. 23, the increase of the field strength resulted in faster
separation, higher separation efficiency and acceptable resolution.

[00148] In the control experiments in which platinum wires were used as external
driving electrodes for the separation, when the field strength was increased to 600 V/cm,
huge variation was observed between different runs. This is evidenced by FIG. 24A which
shows 3 different runs. The variation is large despite each run being carried out in a first-
use channel. Good separation could not be achieved due to the unstable current probably
caused by the generation of bubbles under higher field strength.

[00149] FIG. 24C shows data for two different runs for Ag/AgCl ink electrode
integrated on a microfluidic device or labcard made in accordance with the present
invention. FIG. 24B also shows two different runs for carbon ink electrode integrated on a
labcard in accordance with the present invention. The data shown in FIGS. 24B and 24C
indicates that use of ink electrodes does not increase variation. This can be attributed to the
ink electrodes inhibiting bubble formation in such a degree that higher field strengths may
be applied.

[00150] FIG. 25 illustrates a summary chart/table for the field strength test (600
V/cm) using Ag/AgCl —ink-integrated microfluidic devices.

[00151] The above referenced data indicates that integrated ink electrodes are as
reliable as control platinum wires or Au pins. The ink integrated electrodes are comparable
to the control methods and perform better than “conventional” control methods in which
platinum wires are positioned manually using tape. We believe automation of the
integrated ink electrodes would further improve the performance of the ink-integrated
electrode devices. Additionally, we found that use of the integrated Ag/AgCl ink

electrodes made it possible to increase the separation field strength up to 600 V/cm without
39



WO 02/24322 PCT/US01/29307

decreasing separation performance. We attribute this result to the ink electrodes' ability to

reduce bubble formation.

[00152) INK COATED ELECTRODES

[00153] We built and tested microdevices using "dropped in" ink coated electrodes.
The electrodes were used to electrokinetically drive materials through channels in the
devices. Each device comprised a plastic substrate having interconnected microchannels
and a cover thermally bonded to the substrate. The devices did not include integrated
electrodes. Instead, ink coated wire electrodes were deployed in the reservoir and made
electrical contact with the medium contained therein. The medium utilized in these tests
was 15 mM pH 8 sodium phosphate + 1% PEO.

[00154] FIGS. 15A and 15B show the cyclic voltammetry data using carbon ink-,
20% Pd doped carbon ink-, and Ag/AgCl ink- coated platinum wires in a buffer solution.
Platinum wire was also tested. The scan rate was 100 mV/s.

[00155] With the Pd-doped carbon electrode, it was visually observed the
suppression of gas bubble formation on the electrode.

[00156] The voltammogram on Ag/AgCl ink behaves different from that on platinum
wire; higher oxidation or reduction current results at a much lower anode potential or much
higher cathode potential. This is due to the oxidation of the Ag and the reduction of Ag” in
the ink. In view of the above data, either an ink-integrated microchip or an ink-coated
external electrode can be used as driving electrode for electrokinetic separations with less
bubble generation than typical non-ink electrodes.

[00157] FIGS. 16 and 17 show the results of on-chip electrophoretic separations of
13 e-Tag probes using carbon ink-coated Pt electrodes and Ag/AgCl ink-coated Pt
electrode respectively. If the coating process is controlled well (i.e., amongst other
processing conditions the thickness and uniformity are consistent and thorough), the coated
electrodes will provide a surprisingiy good separation performance as shown in FIGS. 16
and 17. FIGS. 16 and 17 indicate that carbon-ink coated Pt wires can be used as driving
electrode for at least three consecutive runs and Ag/AgCl ink coated Pt wires may be used
for at least 5 consecutive runs without significant effect on the separation performance.
Few bubbles were observed on carbon-ink coated electrodes and no bubbles were observed

on Ag/AgCl ink coated electrodes. In contrast, it is hard to achieve consecutive runs using
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bare platinum wires because of the bubble generation.

[00158] INTEGRATED HEATING

[00159] Heaters consisting of electrically-conducting ink traces having different
dimensions (from 0.25 mm to 4 mm) were prepared on plastic in accordance with the
present invention. They responded rapidly to the application and removal of power. The
heating component was applied as a thin ink trace on a plastic substrate in various patterns
such as simple strips or in a meandering “square-wave” pattern. See, for example, FIGS.
6C, 8 and 9. Both simple strips and serpentine or square-wave patterns can meet the
requirements for many applications.

[00160] In each case a heater 810 was placed outside of the microhannels 815 as
shown in FIG. 18. The heating element 810 was thus not in fluid commuinication with the
channels 815. Results for various heating elements are provided in FIGS. 19-21 (FIGS.
19A and 19B corresponding to metallic heaters and FIGS. 20A to 21C corresponding to ink
heaters).

[00161] FIGS. 20A and 20B show experimental results of an electrically conducting
ink serpentine-shape (resistance = 760 ohms) and linear strip shape (resistance = 205 ohms)
electrode heaters respectively. In each case, the temperature increased sharply within about
the first 50 seconds upon application of 20-25 volts and remained relatively constant until
the power was turned off. This data indicates that the electrically conducting ink electrodes
of the present invention have a quick thermal response upon application of a voltage. This
data also indicates the heating elements can hold a temperature constant while voltage is
applied at a constant level. Indeed, both FIGS. 20A and 20B show a relatively constant
temperature after 50 seconds until the power is turned off.

[00162] FIG. 21A shows the thermal response of yet another integrated heater made
of a single strip electrically conducting ink having a resistance of 190 Q at room
temperature. FIG. 21A indicates the local temperature depends on applied voltage.

[00163] FIG. 21B shows temperature of the electrode as a function of resistance. A
review of this data indicates the heater resistance is proportional to the temperature. Thus
the heater itself can be used as a probe for temperature sensing by monitoring the resistance
change during the experiment.

[00164] Cyclic testing was also carried out on various heating elements of the

present invention. That is, voltage was increased and decreased periodically to determine
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cyclic performance of an electrically conducting ink electrode. FIG. 21C shows the
thermal cycling for PCR using ink screen printed heaters on a plastic chip. A commercial
heat strip was also tested for comparison purposes. Reference numerals 850 and 860
correspond to the ink and metal electrodes respectively. Both electrodes were raised to 95°
C for 45s; 61° C for 30s; and 72° C for 45s. This data indicates the commercial metal heat
strips and the electrically conducting ink electrodes of the present invention behave
similarly.

[00165] It follows that the applied voltage can be programmed to obtain other
response schemes (even faster responses) to changes in power. This heat cycling may be
useful in PCR and other various thermal operations. Additionally, the on-chip heaters of
the present invention may be used for, but not limitd to, capture/release of biomolecule on a
specific location, as a pump to move fluids in the channel network, as valve by combining
with thermal sensetive gel or other materials, or for separation of different sized particals.
[00166] Electrically conducting ink electrodes can also be used as a on-chip
electrochemical detector as shown in FIGS. 22A and 22B. At least one electrode 870 may
be positioned in the channel 874 and in contact with the subject sample. For example
Cuy0-doped carbon ink can be patterned on a cover 876 and used as working electrode to
detect carbohydrate, amino-acid. The counter and reference electrodes can be also
prepared on the chip.

[00167] From the above results and discussion, many advantages of the claimed
invention become readily apparent. The claimed invention provides for an integrated
microdevice for analytical and research purposes comprised of a plastic material. This
leads to many benefits such as low cost, numerous options for manufacturing processes,
disposability, and the like. More particularly, the claimed invention provides for a
substrate, suitable for chemical applications, that may have an unmodified natural surface
to which conductive films may be applied in various patterns. In some exemplary
configurations of the present invention, the electrically conducting film patterns are
strongly adherent. This distinctive property may be particularly suitable in some instances
where surface chemistries present on the substrates of the device interfere with sensitive
chemical operations. For instance, where the device of interest involves channels for
electrophoretic separations, complex surface chemistries of some conventional plastics and
substrate materials are generally accompanied with variations in wall surface charge.

These chemistries and surface charges tend to aggravate sample adsorption to the channel
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walls and generate non-uniform electroosmotic flow. Because adsorption results in skewed
peaks and/or no analyte migration while non-uniform electroosmotic flow causes reduced
separation resolution, reliable and consistent results using modified surfaces become hard
to obtain. The versatility and heat resistance of certain substrates such as norbornene based
substrates enables the integration of components including, for example, an electrically
conducting ink film into the subject devices.

[00168] All publications, patents and patent applications mentioned in this
specification are incorporated herein by reference to the same extent as if each individual
publication, patent, or patent application was specifically and individually indicated to be
incorporated by reference.

[00169] The invention now being fully described, it will be apparent to one of
ordinary skill in the art that many changes and modifications can be made thereto without
departing from the spirit or scope of the appended claims.

[00170] All of the features disclosed in the specification (including any
accompanying claims, abstract and drawings), and/or all of the steps of any method or
process disclosed, may be combined in any combination, except combinations where at
least some of such features and/or steps are mutually exclusive. Each feature disclosed, in
this specification (including any accompanying claims, abstract and drawings), may be
replaced by alternative features serving the same, equivalent or similar purpose, unless
expressly stated otherwise. Thus, unless expressly stated otherwise, each feature disclosed
is one example only of a generic series of equivalent or similar features. The invention is
not restricted to the details of the foregoing embodiments. The invention extends to any
novel one, or any novel combination, of the features disclosed in this specification
(including any accompanying claims, abstract and drawings), or to any novel one, or any

novel combination, of the steps of any method or process so disclosed.
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CLAIMS

1. A microfluidic device comprising:
a substrate having at least one channel and at least one aperture in fluid
communication with said channel;
a cover bonded to said substrate such that a reservoir is formed at said at least
one aperture; and .
an electrically conducting ink pattern on at least one of said substrate and cover
such that when a material is present in said channel and reservoir said ink pattern makes

electrical contact with said material.

2. The device of claim 1 wherein said ink pattern is on said cover.

3. The device of claim 1 wherein said electrical contact is made in said reservoir.

4. The device of claim 1 comprising a first channel, a second channel, and a third
channel, said first and second channel being fluidly connected to said third channel at
separate points along the third channel and wherein said electrical contact is made in one of

said first channel, second channel, and third channel.

5. The device of claim 1 wherein the cover is bonded to the substrate by thermal

bonding.

6. The device of claim 1 wherein the cover is bonded to the substrate using an

adhesive.

7. The device of claim 1 wherein the cover is bonded to the substrate using a

double sided adhesive layer.

8. The device of claim 1 wherein the material is a substance useful in

electrophoretic applications.

9. The device of claim 1 wherein the ink pattern is on said substrate.
44



WO 02/24322 PCT/US01/29307

10. The device of claim 1 wherein said ink is patterned on said cover using ink jet

printing.

11. The device of claim 1 wherein said ink is patterned on said cover using screen

printing.

12. The device of claim 1 wherein said ink is patterned on said cover through

lithography.

13. The device of claim 1 wherein said cover is a thin film.

15. The device of claim 1 wherein said cover is made of PMMA.

16. The device of claim 1 wherein said ink is one ink selected from the group
consisting of polyester or acrylic-based carbon/graphite ink, platinum ink, silver ink,

silver/silver chloride ink, and metal powder doped carbon ink.

17. The device of claim 1 wherein said ink is a polyester based silver/silver chloride
ink.

18. The device of claim 1 wherein said ink has width of 10 to 400 microns.

19. The device of claim 1 wherein said ink pattern includes a contact, a lead, and a

heating element.

20. The device of claim 19 wherein said heating element supplies heat and senses

temperature.

21. The device of claim 20 wherein said ink has thickness of 5 to 500 microns.
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22. The device of claim 1 wherein said substrate is made from a plastic selected
from the group comprising norbornene, polystyrene, acrylic, polycarbonate-polyester, and

polyolefin.

23. The device of claim 1 wherein said substrate is a norbornene based polymer

substrate.

24, The device of claim 1 wherein said ink is in a solid state.

25. The device of claim 1 wherein said ink is in a semi-fluidic state.

26. A method for reducing bubble formation during electrokinetic applications in a
microfluidic device having interconnected channels and reservoirs, said method comprising
the steps of:

applying voltage to a medium contained in said channels and reservoirs, said
voltage being applied to said medium through an electrically conducting ink in electrical
contact with said medium wherein said electrically conducting ink reduces bubble

formation during application of said voltage to said medium.

27. The method of claim 26 wherein said microfluidic device comprises a substrate
and a cover bonded to said substrate and wherein said electrically conducting ink is
patterned on said cover such that when said cover is bonded to said substrate to form said
device said ink is positioned in at least one of said channels and reservoirs and makes

electrical contact with said medium therein.

28. The method of claim 26 wherein an electrode is positioned in one of said
reservoirs to make electrical contact with said medium in said reservoirs and wherein said

electrode comprises a coating of said electrically conducting ink.

29. The method of claim 26 wherein the ink is selected from the group consisting of
polyester or acrylic-based carbon/graphite ink, platinum ink, silver ink, silver/silver
chloride ink, and metal powder doped carbon ink.
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30. The method of claim 26 wherein the ink comprises silver/silver chloride.
31. A method of heating material contained in channels of a microfluidic device
comprising:
applying a voltage to at least one electrically conductive ink trace patterned on a
component of said microfluidic device wherein said application of voltage to said ink trace
heats said material.

32. The method of claim 31 wherein the ink trace is serpentine shaped.

33. The method of claim 31 wherein said ink trace contacts said material to be

heated.

34. The method of claim 31 wherein said ink trace does not contact said material to
be heated.

35. The method of claim 33 wherein said ink comprises a thermal sensitive

polymer.

36. The method of claim 33 wherein said ink comprises hydrogel.

37. The method of claim 35 further comprising the step of controlling the

temperature of said ink such that flow of material through said channels is controlled.

38. The method of claim 31 wherein said application of voltage is cyclic.

39. The method of claim 31 further comprising measuring a resistance of the trace

and using said measured resistance to determine a temperature of the trace.

40. The method of claim 31 wherein said component is a substrate having said

channel.
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41. The method of claim 31 wherein said component is a cover bonded to a

substrate having said channel.

42. A method for measuring material in a microfluidic device having a substrate and
a cover bonded to said substrate, said method comprising:

applying a current to an ink trace patterned on said cover; and

measuring an electfical property resulting from said step of applying a current to

said ink trace to determine the presence of a material to be detected.

43. The method of claim 42 wherein said ink trace includes a catalyst reactive to

one or more components in said material to be measured.
44. The method of claim 43 wherein the electrical property is current.

45. A method for fabricating a microfluidic device having integrated electrodes
comprising:

applying an electrically conducting ink pattern to a plastic film;

bonding said film to a plastic substrate having interconnected channels such that
said ink pattern makes electrical contact with material contained in the interconnected

channels when the material is present in said channels.

46. An integrated microdevice for conducting chemical operations comprising:
a plastic substrate comprised of a substantially saturated norbornene based polymer;
and an electrically conductive ink adhered to said substrate wherein said ink comprises an

integrated functional component.

47. The device of claim 46 wherein said ink is applied to said substrate through ink
jet printing.

48. The device of claim 46 wherein said ink is applied to said substrate through

screen printing.
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49. The device of claim 46 wherein said ink is applied to said substrate through a

printing press.

50. The device of claim 46 wherein said ink is patterned on the surface of said

substrate through lithography.

51. An integrated microdevice for conducting chemical operations comprising:
a substrate comprised of a substantially saturated norbornene based polymer; and an
electrically conductive film strongly adhered to said substrate wherein said film comprises

a functional component integrated into said device.

52. The device of claim 51 further comprising electrical leads in connection with
said component wherein said leads are comprised of microchannels containing an
electrically conductive fluid.

53. The device of claim 52 wherein said conductive fluid is cured into a solid.

54. The device of claim 51 wherein said films are adhered to said substrate through

electroless chemical deposition.

55. The device of claim 51 wherein said films are adhered to said substrate through

physical deposition.

56. The device of claim 55 wherein said physical deposition is accomplished

through vapor deposition.

57. The device of claim 55 wherein said physical deposition is accomplished

through sputter deposition.

58. The device of claim 51 wherein said films are patterned on the surface of said

substrate through lithography.

59. A microfluidic device comprising:
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a first substrate comprised of a substantially saturated norbornene based polymer;
an electrically conductive film strongly adhered to said first substrate wherein said film
comprises an integrated functional component; and

a second substrate having one or more microchannels disposed therein, said first

and second substrates joined together wherein said microchannels are enclosed.

60. The device of claim 59 wherein microchannels are disposed in said first

substrate.

61. The device of claim 59 further comprising a third substrate wherein said first

substrate comprises a sealing layer interposed between said second and third substrates.

62. A microfluidic device comprising:

a first substrate comprised of a substantially saturated norbornene based polymer;
an electrically conductive ink adhered to said first substrate wherein said ink comprises an
integrated functional component; and

a second substrate having one or more microchannels disposed therein, said first

and second substrates joined together wherein said microchannels are enclosed.

63. The device of claim 62 wherein microchannels are disposed in said first

substrate.

64. The device of claim 62 further comprising a third substrate wherein said first

substrate comprises a sealing layer interposed between said second and third substrates.

65. A microarray device adapted to receive a solution, comprising:
a substrate comprised of a substantially saturated norbornene based polymer; and
a plurality of selectively addressable components strongly adhered to said substrate,

said components comprised of an electrically conductive film.

66. The device of claim 20 wherein said components are comprised of an

electrically conductive ink.
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67. The method of claim 26 wherein an electrode is positioned in one of said
channels to make electrical contact with said medium in said channels and wherein said

electrode comprises a coating of said electrically conducting ink.

68. An integrated microdevice for conducting chemical operations comprising:
a polymer substrate; and
an electrically conductive film strongly adhered to said substrate wherein said film

comprises a functional component integrated into said device patterned through the use of a

mask or stencil.
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