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57 ABSTRACT

High-density microfluidic chips contain plumbing networks
with thousands of micromechanical valves and hundreds of
individually addressable chambers. These fluidic devices are
analogous to electronic integrated circuits fabricated using
large scale integration (L.SI). A component of these networks
is the fluidic multiplexor, which is a combinatorial array of
binary valve patterns that exponentially increases the pro-
cessing power of a network by allowing complex fluid
manipulations with a minimal number of inputs. These inte-
grated microfluidic networks can be used to construct a vari-
ety of highly complex microfluidic devices, for example the
microfluidic analog of a comparator array, and a microfluidic
memory storage device resembling electronic random access
memories.
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MICROFLUIDIC LARGE SCALE
INTEGRATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The instant patent application claims priority from
U.S. provisional patent application No. 60/413,860 filed Sep.
25, 2002, hereby incorporated by reference for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0002] Work described herein has been supported, in part,
by NSF a grant from the Army Research Office (No.
DAAD19-00-1-0392) and the DARPA Bioflips program. The
United States Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] In the first part of the 20th century, engineers faced
aproblem commonly called the “Tyranny of Numbers”: there
is a practical limit to the complexity of macroscopically
assembled systems. Using discrete components such as
vacuum tubes, complex circuits quickly became very expen-
sive to build and operate. The ENIAC I, created at the univer-
sity of Pennsylvania in 1946, consisted of 19,000 vacuum
tubes, weighed thirty tons, and used 200 kilowatts of power.
The transistor was invented at Bell Laboratories in 1947 and
went on to replace the bulky vacuum tubes in circuits, but
connectivity remained a problem.

[0004] Although engineers could in principle design
increasingly complex circuits consisting of hundreds of thou-
sands of transistors, each component within the circuit had to
be hand-soldered: an expensive, labor-intensive process.
Adding more components to the circuit decreased its reliabil-
ity as even a single cold solder joint rendered the circuit
useless.

[0005] In the late 1950s Kilby and Noyce solved the “Tyr-
anny of Numbers” problem for electronics by inventing the
integrated circuit. By fabricating all of the components out of
a single semiconductor—initially germanium, then silicon—
Kilby and Noyce created circuits consisting of transistors,
capacitors, resistors and their corresponding interconnects in
situ, eliminating the need for manual assembly. By the mid-
1970s, improved technology led to the development of large
scale integration (LSI): complex integrated circuits contain-
ing hundreds to thousands of individual components.

[0006] Microfluidics offers the possibility of solving simi-
lar system integration issues for biology and chemistry. For
example, Unger et al., Science, 288 (5463): 113 (2000) pre-
viously presented a candidate plumbing technology that
allows fabrication of chips with monolithic valves made from
the silicone elastomer polydimethylsiloxane (PDMS).
[0007] However, devices to date have lacked a method for a
high degree of integration, other than simple repetition.
Microfiuidic systems have been used to demonstrate a diverse
array of biological applications, including biomolecular
separations, enzymatic assays, polymerase chain reaction
(PCR), and immunohybridization reactions.

[0008] While these are excellent individual examples of
scaled down processes of laboratory techniques, they are also
stand-alone functionalities, comparable to a single compo-
nent within an integrated circuit. The current industrial
approach to addressing true biological integration has come
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in the form of enormous robotic fluidic workstations that take
up entire laboratories and require considerable expense,
space and labor, reminiscent of the macroscopic approach to
circuits consisting of massive vacuum-tube based arrays in
the early twentieth century.

[0009] Accordingly, there is a need in the art for high den-
sity, large scale integrated microfiuidic devices, and methods
for fabricating same

SUMMARY OF THE INVENTION

[0010] High-density microfluidic chips contain plumbing
networks with thousands of micromechanical valves and hun-
dreds of individually addressable chambers. These fluidic
devices are analogous to electronic integrated circuits fabri-
cated using large scale integration. A component of these
networks is the fluidic multiplexor, which is a combinatorial
array of binary valve patterns that exponentially increases the
processing power of a network by allowing complex fluid
manipulations with a minimal number of inputs. These inte-
grated microfluidic networks can be used to construct the
microfluidic analog of a comparator array and a microfluidic
memory storage device resembling electronic random access
memories.

[0011] An embodiment of a microfluidic device in accor-
dance with the present invention comprises a microfluidic
flow channel formed in a first layer, and a first microfluidic
control channel formed in a second layer adjacent to the first
layer, the first microfluidic control channel separated from the
microfiuidic flow channel by a first deflectable membrane. A
second microfluidic control channel is adjacent to the first
microfiuidic control channel and separated from the first
microfiuidic control channel by a second deflectable mem-
brane.

[0012] Anembodiment of a method in accordance with the
present invention for controlling flow in a microfluidic struc-
ture, comprises, applying pressure to a control channel of a
first control channel network separated from an adjacent flow
channel by a first membrane, such that the first membrane is
deflected into the flow channel. While pressure is maintained
in the first control channel network, a pressure is applied to a
control channel of a second control channel network sepa-
rated from the first flow channel network by a second mem-
brane, such that the second membrane is deflected into and
seals the control channel of the first control channel network.
While maintaining pressure in the control channel of the
second control channel network, pressure in the first control
channel network is released such that the first membrane
remains deflected into the flow channel.

[0013] An embodiment of a microfabricated structure in
accordance with the present invention comprises an array of
storage locations defined by a first plurality of parallel flow
channels orthogonal to a second plurality of parallel flow
channels. A network of control lines is adjacent to the storage
locations to define deflectable valves for isolating the storage
locations. A first multiplexor structure is configured to govern
flow through the first plurality of parallel flow channels. A
second multiplexor structure configured to govern flow
through the second plurality of parallel flow channels.
[0014] Anembodimentofa microfabricated one-way valve
in accordance with the present invention comprises a first
elastomer layer comprising a vertical via portion and a seat
portion, and a second elastomer layer comprising a flexible
membrane. The flexible membrane has an integral end and a
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nonintegral end, the nonintegral end in contact with the seat
portion and configured to be deflected into a second vertical
via portion.

[0015] An alternative embodiment of a microfluidic device
in accordance with the present invention, comprises, an elon-
gated first flow channel, and a control channel overlapping the
elongated first flow channel to define a first valve structure,
the valve structure configured to deflect into the elongated
first flow channel to define first and second segments of the
first flow channel. A second flow channel is in fluid commu-
nication with the first segment, and a third flow channel in
fluid communication with the second segment.

[0016] An embodiment of a method in accordance with the
present invention for isolating elements of heterogeneous
sample, comprises, flowing a sample comprising heteroge-
neous elements down a first elongated microfluidic flow
channel. A first valve overlying the first elongated flow chan-
nel is actuated to define first and second segments, such that
the first segment contains a first element of the heterogeneous
sample and the second segment contains a second element of
the heterogeneous sample.

[0017] An alternative embodiment of a microfluidic device
in accordance with the present invention, comprises, a selec-
tively-addressable storage location defined within elastomer
material. A first flow channel is in selective fluid communi-
cation with the storage location through a valve. A second
flow channel is in selective fluid communication with the
storage location through a second valve.

[0018] Anembodiment of a method in accordance with the
present invention for selectively storing and recovering a
material in a microfluidic device, comprises, providing a
chamber defined within an elastomer material. A material is
selectively flowed into the chamber through a first valve in a
first flow channel, and the material is selectively flowed from
the chamber through a second valve in a second flow channel.
[0019] These and other embodiments of the present inven-
tion, as well as its advantages and features, are described in
more detail in conjunction with the text below and attached
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is an illustration of a first elastomeric layer
formed on top of a micromachined mold.

[0021] FIG.2isanillustration of a second elastomeric layer
fanned on top of a micromachined mold.

[0022] FIG. 3 is an illustration of the elastomeric layer of
FIG. 2 removed from the micromachined mold and posi-
tioned over the top of the elastomeric layer of FIG. 1

[0023] FIG. 4isan illustration corresponding to FIG. 3, but
showing the second elastomeric layer positioned on top of the
first elastomeric layer.

[0024] FIG.5isan illustration corresponding to FIG. 4, but
showing the first and second elastomeric layers bonded
together.

[0025] FIG. 6 is an illustration corresponding to FIG. 5, but
showing the first micromachined mold removed and a planar
substrate positioned in its place.

[0026] FIG. 7A is an illustration corresponding to FIG. 6,
but showing the elastomeric structure sealed onto the planar
substrate.

[0027] FIG. 7B is a front sectional view corresponding to
FIG. 7A, showing an open flow channel.
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[0028] FIGS. 7C-7G are illustrations showing steps of a
method for forming an elastomeric structure having a mem-
brane formed from a separate elastomeric layer.

[0029] FIG. 7H is a front sectional view showing the valve
of FIG. 7B in an actuated state.

[0030] FIGS. 8A and 8B illustrates valve opening vs.
applied pressure for various flow channels.

[0031] FIG. 9 illustrates time response of a 100 pmx100
umx10 um RTV microvalve.

[0032] FIG. 10is a front sectional view of the valve of FIG.
7B showing actuation of the membrane.

[0033] FIG. 11 is a front sectional view of an alternative
embodiment of a valve having a flow channel with a curved
upper surface.

[0034] FIG. 12A is atop schematic view of an on/off valve.
[0035] FIG. 12B is a sectional elevation view along line
23B-23B in FIG. 12A

[0036] FIG. 13A is a top schematic view of a peristaltic
pumping system.

[0037] FIG. 13B is a sectional elevation view along line
24B-24B in FIG. 13A

[0038] FIG. 14is a graph showing experimentally achieved
pumping rates vs. frequency for an embodiment of the peri-
staltic pumping system of FIG. 13.

[0039] FIG. 15A is atop schematic view of one control line
actuating multiple flow lines simultaneously.

[0040] FIG. 15B is a sectional elevation view along line
26B-26B in FIG. 15A

[0041] FIG. 16 is a schematic illustration of a multiplexed
system adapted to permit flow through various channels.
[0042] FIGS. 17A-D show plan views of one embodiment
of a switchable flow array.

[0043] FIGS. 18A-D show plan views of one embodiment
of'a cell pen array structure.

[0044] FIG. 19A shows a simplified plan view illustrating a
binary tree microfluidic multiplexor operational diagram.
[0045] FIG. 19B shows a simplified plan view illustrating a
tertiary tree microfluidic multiplexor operational diagram.
[0046] FIG. 20 shows a simplified cross-sectional view of
the general microfluidic architecture of the devices of FIGS.
19A-B.

[0047] FIG. 21 shows a simplified plan view of an embodi-
ment of a microfluidic structure utilizing control channels to
control other control channels.

[0048] FIG. 21A shows a simplified cross-sectional view of
the structure of FIG. 21 taken along the line 21A-21A"
[0049] FIG. 21B shows a simplified cross-sectional view of
the structure of FIG. 21 taken along the line 21B-21B".
[0050] FIG. 22 shows a simplified cross-sectional view of
the general microfluidic architecture of the device of FIGS.
21-21B.

[0051] FIG. 23 shows a simplified plan view of an alterna-
tive embodiment of a microfluidic structure utilizing control
channels to control other control channels.

[0052] FIG. 23A shows a simplified cross-sectional view of
the structure of FIG. 23 taken along the line 23A-23N.
[0053] FIG. 23B shows a simplified cross-sectional view of
the structure of FIG. 23 taken along the line 23B-23B".
[0054] FIG. 24 shows a simplified cross-sectional view of
the general microfluidic architecture of the device of FIGS.
23-23B.
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[0055] FIG. 25 shows a simplified cross-sectional view of
the general microfluidic architecture of another embodiment
of'a device utilizing control over control lines by other control
lines.

[0056] FIG. 26 shows a simplified plan view of one
embodiment of an inverse multiplexor structure in accor-
dance with the present invention.

[0057] FIG. 27 shows a simplified plan view of one
embodiment of a cascaded multiplexor structure in accor-
dance with the present invention.

[0058] FIG. 28 shows a simplified plan view of an embodi-
ment of a modified multiplexor in accordance with the present
invention.

[0059] FIG. 29A shows an optical micrograph of a microf-
luidic memory storage device.

[0060] FIG. 29B is a simplified and enlarged plan view
showing purging mechanics for a single chamber within a
selected row of the chip shown in FIG. 29A.

[0061] FIGS. 29C-F are simplified enlarged views of the
array of FIG. 29A showing loading and purging of an indi-
vidual storage location.

[0062] FIG. 29G shows a demonstration of microfluidic
memory display.

[0063] FIG. 30A shows an optical micrograph of a microf-
luidic comparator chip.

[0064] FIG. 30B is a simplified schematic view of the
microfluidic comparator chip of FIG. 30A.

[0065] FIGS. 30C-H are enlarged simplified plan views
showing loading of the chamber of the microfluidic structure
of FIG. 30A.

[0066] FIGS.31A-D are aset of optical micrographs show-
ing a portion of the comparator in action.

[0067] FIG.32A shows a schematic diagram of the microf-
luidic comparator logic using and enzyme and fluorogenic
substrate.

[0068] FIG. 32B shows a scanned fluorescence image of
the chip in comparator mode.

[0069] FIG. 32C shows a uHTS comparator and the effect
of heterogeneous mixture of eGFP expressing control cells
and CCP expressing cells on output signal.

[0070] FIG. 33 plots the number of control lines versus the
number of flow lines being controlled, for various base n
multiplexer structures.

[0071] FIGS. 34A-C show simplified cross-sectional views
illustrating structure and operation of an embodiment of a
vertical one-way valve in accordance with an embodiment of
the present invention.

[0072] FIGS. 35A-D show simplified cross-sectional views
illustrating structure and operation of one pixel of a microf-
luidic display device in accordance with the present inven-
tion.

[0073] FIG. 36 shows a plan view of one embodiment of a
display simplified cross-sectional views illustrating structure
and operation of one pixel of a display device in accordance
with the present invention.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

1. Microfabrication Overview

[0074] The following discussion relates to formation of
microfabricated fluidic devices utilizing elastomer materials,
as described generally in U.S. nonprovisional patent applica-
tion Ser. Nos. 10/118,466 filed Apr. 5, 2002, 09/997,205 filed
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Nov. 28, 2001, 09/826,585 filed Apr. 6, 2001, 09/724,784
filed Nov. 28, 2000, and 09/605,520, filed Jun. 27, 2000.
These patent applications are hereby incorporated by refer-
ence for all purposes.

[0075] 1. Methods of Fabricating

[0076] Exemplary methods of fabricating the present
invention are provided herein. It is to be understood that the
present invention is not limited to fabrication by one or the
other of these methods. Rather, other suitable methods of
fabricating the present microstructures, including modifying
the present methods, are also contemplated.

[0077] FIGS. 1 to 7B illustrate sequential steps of a first
preferred method of fabricating the present microstructure,
(which may be used as a pump or valve). FIGS. 8 to 18
illustrate sequential steps of a second preferred method of
fabricating the present microstructure, (which also may be
used as a pump or valve).

[0078] As will be explained, the preferred method of FIGS.
1 to 7B involves using pre-cured elastomer layers which are
assembled and bonded. In an alternative method, each layer
of elastomer may be cured “in place”. In the following
description “channel” refers to a recess in the elastomeric
structure which can contain a flow of fluid or gas.

[0079] Referring to FIG. 1, a first micro-machined mold 10
is provided. Micro-machined mold 10 may be fabricated by a
number of conventional silicon processing methods, includ-
ing but not limited to photolithography, ion-milling, and elec-
tron beam lithography.

[0080] As can be seen, micro-machined mold 10 has a
raised line or protrusion 11 extending therealong. A first
elastomeric layer 20 is cast on top of mold 10 such that a first
recess 21 will be formed in the bottom surface of elastomeric
layer 20, (recess 22 corresponding in dimension to protrusion
11), as shown.

[0081] As can beseen in FIG. 2, a second micro-machined
mold 12 having a raised protrusion 13 extending therealong is
also provided. A second elastomeric layer 22 is cast on top of
mold 12, as shown, such that a recess 23 will be formed in its
bottom surface corresponding to the dimensions of protrusion
13.

[0082] As can be seen in the sequential steps illustrated in
FIGS. 3 and 4, second elastomeric layer 22 is then removed
from mold 12 and placed on top of first elastomeric layer 20.
As can be seen, recess 23 extending along the bottom surface
of second elastomeric layer 22 will form a flow channel 32.
[0083] Referring to FIG. 5, the separate first and second
elastomeric layers 20 and 22 (FIG. 4) are then bonded
together to form an integrated (i.e.: monolithic) elastomeric
structure 24.

[0084] As can been seen in the sequential step of FIGS. 6
and 7A, elastomeric structure 24 is then removed from mold
10 and positioned on top of a planar substrate 14. As can be
seen in FIGS. 7A and 7B, when elastomeric structure 24 has
been sealed at its bottom surface to planar substrate 14, recess
21 will form a flow channel 30.

[0085] The present elastomeric structures form a reversible
hermetic seal with nearly any smooth planar substrate. An
advantage to forming a seal this way is that the elastomeric
structures may be peeled up, washed, and re-used. In pre-
ferred aspects, planar substrate 14 is glass. A further advan-
tage of using glass is that glass is transparent, allowing optical
interrogation of elastomer channels and reservoirs. Alterna-
tively, the elastomeric structure may be bonded onto a flat
elastomer layer by the same method as described above,
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forming a permanent and high-strength bond. This may prove
advantageous when higher back pressures are used.

[0086] As can be seen in FIGS. 7A and 7B, flow channels
30 and 32 are preferably disposed at an angle to one another
with a small membrane 25 of substrate 24 separating the top
of flow channel 30 from the bottom of flow channel 32.
[0087] Inpreferred aspects, planar substrate 14 is glass. An
advantage of using glass is that the present elastomeric struc-
tures may be peeled up, washed and reused. A further advan-
tage of using glass is that optical sensing may be employed.
Alternatively, planar substrate 14 may be an elastomer itself,
which may prove advantageous when higher back pressures
are used.

[0088] The method of fabrication just described may be
varied to form a structure having a membrane composed of an
elastomeric material different than that forming the walls of
the channels of the device. This variant fabrication method is
illustrated in FIGS. 7C-7G.

[0089] Referring to FIG. 7C, a first micro-machined mold
10 is provided. Micro-machined mold 10 has a raised line or
protrusion 11 extending therealong. In FIG. 7D, first elasto-
meric layer 20 is cast on top of first micro-machined mold 10
such that the top of the first elastomeric layer 20 is flush with
the top of raised line or protrusion 11. This may be accom-
plished by carefully controlling the volume of elastomeric
material spun onto mold 10 relative to the known height of
raised line 11. Alternatively, the desired shape could be
formed by injection molding.

[0090] InFIG.7E, second micro-machined mold 12 having
a raised protrusion 13 extending therealong is also provided.
Second elastomeric layer 22 is cast on top of second mold 12
as shown, such that recess 23 is formed in its bottom surface
corresponding to the dimensions of protrusion 13.

[0091] InFIG. 7F, second elastomeric layer 22 is removed
from mold 12 and placed on top of third elastomeric layer
222. Second elastomeric layer 22 is bonded to third elasto-
meric layer 20 to form integral elastomeric block 224 using
techniques described in detail below. At this point in the
process, recess 23 formerly occupied by raised line 13 will
form flow channel 23.

[0092] InFIG. 7G, elastomeric block 224 is placed on top
of first micro-machined mold 10 and first elastomeric layer
20. Elastomeric block and first elastomeric layer 20 are then
bonded together to form an integrated (i.e.: monolithic) elas-
tomeric structure 24 having a membrane composed of a sepa-
rate elastomeric layer 222.

[0093] When elastomeric structure 24 has been sealed at its
bottom surface to a planar substrate in the manner described
above in connection with FIG. 7A, the recess formerly occu-
pied by raised line 11 will form flow channel 30.

[0094] The variant fabrication method illustrated above in
conjunction with FIGS. 7C-7G offers the advantage of per-
mitting the membrane portion to be composed of a separate
material than the elastomeric material of the remainder of the
structure. This is important because the thickness and elastic
properties of the membrane play akey role in operation of the
device. Moreover, this method allows the separate elastomer
layer to readily be subjected to conditioning prior to incorpo-
ration into the elastomer structure. As discussed in detail
below, examples of potentially desirable condition include
the introduction of magnetic or electrically conducting spe-
cies to permit actuation of the membrane, and/or the intro-
duction of dopant into the membrane in order to alter its
elasticity.
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[0095] While the above method is illustrated in connection
with forming various shaped elastomeric layers formed by
replication molding on top of a micromachined mold, the
present invention is not limited to this technique. Other tech-
niques could be employed to form the individual layers of
shaped elastomeric material that are to be bonded together.
For example, a shaped layer of elastomeric material could be
formed by laser cutting or injection molding, or by methods
utilizing chemical etching and/or sacrificial materials as dis-
cussed below in conjunction with the second exemplary
method.

[0096] An alternative method fabricates a patterned elas-
tomer structure utilizing development of photoresist encap-
sulated within elastomer material. However, the methods in
accordance with the present invention are not limited to uti-
lizing photoresist. Other materials such as metals could also
serve as sacrificial materials to be removed selective to the
surrounding elastomer material, and the method would
remain within the scope of the present invention. For
example, gold metal may be etched selective to RTV 615
elastomer utilizing the appropriate chemical mixture.

[0097]

[0098] Microfabricated refers to the size of features of an
elastomeric structure fabricated in accordance with an
embodiment of the present invention. In general, variation in
at least one dimension of microfabricated structures is con-
trolled to the micron level, with at least one dimension being
microscopic (i.e. below 1000 um). Microfabrication typically
involves semiconductor or MEMS {fabrication techniques
such as photolithography and spincoating that are designed
for to produce feature dimensions on the microscopic level,
with at least some of the dimension of the microfabricated
structure requiring a microscope to reasonably resolve/image
the structure.

[0099] Inpreferred aspects, flow channels 30, 32, 60 and 62
preferably have width-to-depth ratios of about 10:1. A non-
exclusive list of other ranges of width-to-depth ratios in
accordance with embodiments of the present invention is
0.1:1 to 100:1, more preferably 1:1 to 50:1, more preferably
2:1t0 20:1, and most preferably 3:1 to 15:1. In an exemplary
aspect, flow channels 30, 32, 60 and 62 have widths of about
1 to 1000 microns. A non-exclusive list of other ranges of
widths of flow channels in accordance with embodiments of
the present invention is 0.01 to 1000 microns, more prefer-
ably 0.05 to 1000 microns, more preferably 0.2 to 500
microns, more preferably 1 to 250 microns, and most prefer-
ably 10 to 200 microns. Exemplary channel widths include
0.1 um, 1 pm, 2 pm, 5 pm, 10 uM, 20 pm, 30 pm, 40 um, 50
um, 60 um, 70 um, 80 um, 90 um, 100 pm, 110 um, 120 pm,
130 pm, 140 pm, 150 pm, 160 pm, 170 pm, 180 pm, 190 pm,
200 pm, 210 pm, 220 uM, 230 um, 240 um, and 250 pm.
[0100] Flow channels 30, 32, 60, and 62 have depths of
about 1 to 100 microns. A non-exclusive list of other ranges of
depths of flow channels in accordance with embodiments of
the present invention is 0.01 to 1000 microns, more prefer-
ably 0.05 to 500 microns, more preferably 0.2 to 250 microns,
and more preferably 1 to 100 microns, more preferably 2 to 20
microns, and most preferably 5 to 10 microns. Exemplary
channel depths include including 0.01 um, 0.02 pm, 0.05 pm,
0.1 um, 0.2 pm, 0.5 pm, 1 pm, 2 pm, 3 um, 4 pm, S pm, 7.5 pm,
10 wm, 12.5 pm, 15 pm, 17.5 pm, 20 pm, 22.5 pm, 25 pm, 30
pum, 40 pm, 50 pum, 75 pm, 100 pm, 150 pwm, 200 pm, and 250
pm.

2. Layer and Channel Dimensions
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[0101] The flow channels are not limited to these specific
dimension ranges and examples given above, and may vary in
width in order to affect the magnitude of force required to
deflect the membrane as discussed at length below in con-
junction with FIG. 27. For example, extremely narrow flow
channels having a width on the order of 0.01 pm may be
useful in optical and other applications, as discussed in detail
below. Elastomeric structures which include portions having
channels of even greater width than described above are also
contemplated by the present invention, and examples of
applications of utilizing such wider flow channels include
fluid reservoir and mixing channel structures.

[0102] The Elastomeric layers may be cast thick for
mechanical stability. In an exemplary embodiment, elasto-
meric layer 22 of FIG. 1 is 50 microns to several centimeters
thick, and more preferably approximately 4 mm thick. A
non-exclusive list of ranges of thickness of the elastomer
layer in accordance with other embodiments of the present
invention is between about 0.1 micron to 10 cm, 1 micron to
5 c¢m, 10 microns to 2 cm, 100 microns to 10 mm.

[0103] Accordingly, membrane 25 of FIG. 7B separating
flow channels 30 and 32 has a typical thickness of between
about 0.01 and 1000 microns, more preferably 0.05 to 500
microns, more preferably 0.2 to 250, more preferably 1 to 100
microns, more preferably 2 to 50 microns, and most prefer-
ably 5 to 40 microns. As such, the thickness of elastomeric
layer 22 is about 100 times the thickness of elastomeric layer
20. Exemplary membrane thicknesses include 0.01 pm, 0.02
um, 0.03 pm, 0.05 um, 0.1 pm, 0.2 pm, 0.3 pm, 0.5 um, 1 pm,
2 um, 3 pm, 5 wm, 7.5 pm, 10 uM, 12.5 pm, 15 pm, 17.5 pm,
20 um, 22.5 pm, 25 pm, 30 pm, 40 wm, 50 um, 75 pm, 100 pm,
150 pm, 200 um, 250 um, 300 wm, 400 pm, 500 pm, 750 pm,
and 1000 pm.

[0104] 3. Soft Lithographic Bonding

[0105] Preferably, elastomeric layers are bonded together
chemically, using chemistry that is intrinsic to the polymers
comprising the patterned elastomer layers. Most preferably,
the bonding comprises two component “addition cure” bond-
ing.

[0106] Inapreferred aspect, the various layers of elastomer
are bound together in a heterogenous bonding in which the
layers have a different chemistry. Alternatively, a homog-
enous bonding may be used in which all layers would be of
the same chemistry. Thirdly, the respective elastomer layers
may optionally be glued together by an adhesive instead. In a
fourth aspect, the elastomeric layers may be thermoset elas-
tomers bonded together by heating.

[0107] In one aspect of homogeneous bonding, the elasto-
meric layers are composed of the same elastomer material,
with the same chemical entity in one layer reacting with the
same chemical entity in the other layer to bond the layers
together. In one embodiment, bonding between polymer
chains of like elastomer layers may result from activation of
a crosslinking agent due to light, heat, or chemical reaction
with a separate chemical species.

[0108] Alternatively in a heterogeneous aspect, the elasto-
meric layers are composed of different elastomeric materials,
with a first chemical entity in one layer reacting with a second
chemical entity in another layer. In one exemplary heterog-
enous aspect, the bonding process used to bind respective
elastomeric layers together may comprise bonding together
two layers of RTV 615 silicone. RTV 615 silicone is a two-
part addition-cure silicone rubber. Part A contains vinyl
groups and catalyst; part B contains silicon hydride (Si—H)
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groups. The conventional ratio for RTV 615 is 10A:1B. For
bonding, one layer may be made with 30A:1B (i.e. excess
vinyl groups) and the other with 3A:1B (i.e. excess Si—H
groups). Each layer is cured separately. When the two layers
are brought into contact and heated at elevated temperature,
they bond irreversibly forming a monolithic elastomeric sub-
strate.

[0109] In an exemplary aspect of the present invention,
elastomeric structures are formed utilizing Sylgard 182, 184
or 186, or aliphatic urethane diacrylates such as (but not
limited to) Ebecryl 270 or Irr 245 from UCB Chemical.
[0110] In one embodiment in accordance with the present
invention, two-layer elastomeric structures were fabricated
from pure acrylated Urethane Ebe 270. A thin bottom layer
was spin coated at 8000 rpm for 15 seconds at 170° C. The top
and bottom layers were initially cured under ultraviolet light
for 10 minutes under nitrogen utilizing a Model ELC 500
device manufactured by Electrolite corporation. The
assembled layers were then cured for an additional 30 min-
utes. Reaction was catalyzed by a 0.5% vol/vol mixture of
Irgacure 500 manufactured by Ciba-Geigy Chemicals. The
resulting elastomeric material exhibited moderate elasticity
and adhesion to glass.

[0111] In another embodiment in accordance with the
present invention, two-layer elastomeric structures were fab-
ricated from a combination of 25% Ebe 270/50% Irr245/25%
isopropyl alcohol for a thin bottom layer, and pure acrylated
Urethane Ebe 270 as a top layer. The thin bottom layer was
initially cured for 5 min, and the top layer initially cured for
10 minutes, under ultraviolet light under nitrogen utilizing a
Model ELC 500 device manufactured by Electrolite corpora-
tion. The assembled layers were then cured for an additional
30 minutes. Reaction was catalyzed by a 0.5% vol/vol mix-
ture of Irgacure 500 manufactured by Ciba-Geigy Chemicals.
The resulting elastomeric material exhibited moderate elas-
ticity and adhered to glass.

[0112] Alternatively, other bonding methods may be used,
including activating the elastomer surface, for example by
plasma exposure, so that the elastomer layers/substrate will
bond when placed in contact. For example, one possible
approach to bonding together elastomer layers composed of
the same material is set forth by Duffy et al, “Rapid Proto-
typing of Microfluidic Systems in Poly(dimethylsiloxane)”,
Analytical Chemistry (1998), 70, 4974-4984, incorporated
herein by reference. This paper discusses that exposing poly-
dimethylsiloxane (PDMS) layers to oxygen plasma causes
oxidation of the surface, with irreversible bonding occurring
when the two oxidized layers are placed into contact.

[0113] Yet another approach to bonding together succes-
sive layers of elastomer is to utilize the adhesive properties of
uncured elastomer. Specifically, a thin layer of uncured elas-
tomer such as RTV 615 is applied on top of a first cured
elastomeric layer. Next, a second cured elastomeric layer is
placed on top of the uncured elastomeric layer. The thin
middle layer of uncured elastomer is then cured to produce a
monolithic elastomeric structure. Alternatively, uncured elas-
tomer can be applied to the bottom of a first cured elastomer
layer, with the first cured elastomer layer placed on top of a
second cured elastomer layer. Curing the middle thin elas-
tomer layer again results in formation of a monolithic elasto-
meric structure.

[0114] Where encapsulation of sacrificial layers is
employed to fabricate the elastomer structure, bonding of
successive elastomeric layers may be accomplished by pour-
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ing uncured elastomer over a previously cured elastomeric
layer and any sacrificial material patterned thereupon. Bond-
ing between elastomer layers occurs due to interpenetration
and reaction of the polymer chains of an uncured elastomer
layer with the polymer chains of a cured elastomer layer.
Subsequent curing of the elastomeric layer will create a bond
between the elastomeric layers and create a monolithic elas-
tomeric structure.

[0115] Referring to the first method of FIGS. 1 to 7B, first
elastomeric layer 20 may be created by spin-coating an RTV
mixture on microfabricated mold 12 at 2000 rpm’s for 30
seconds yielding a thickness of approximately 40 microns.
Second elastomeric layer 22 may be created by spin-coating
an RTV mixture on microfabricated mold 11. Both layers 20
and 22 may be separately baked or cured at about 80° C. for
1.5 hours. The second elastomeric layer 22 may be bonded
onto first elastomeric layer 20 at about 80° C. for about 1.5
hours.

[0116] Micromachined molds 10 and 12 may be patterned
photoresist on silicon wafers. In an exemplary aspect, a Shi-
pley SIR 5740 photoresist was spun at 2000 rpm patterned
with a high resolution transparency film as a mask and then
developed yielding an inverse channel of approximately 10
microns in height. When baked at approximately 200° C. for
about 30 minutes, the photoresist reflows and the inverse
channels become rounded. In preferred aspects, the molds
may be treated with trimethylchlorosilane (TMCS) vapor for
about a minute before each use in order to prevent adhesion of
silicone rubber.

[0117] 4. Suitable Elastomeric Materials

[0118] Allcock et al, Contemporary Polymer Chemistry,
2"? Ed. describes elastomers in general as polymers existing
at a temperature between their glass transition temperature
and liquefaction temperature. Elastomeric materials exhibit
elastic properties because the polymer chains readily undergo
torsional motion to permit uncoiling of the backbone chains
in response to a force, with the backbone chains recoiling to
assume the prior shape in the absence of the force. In general,
elastomers deform when force is applied, but then return to
their original shape when the force is removed. The elasticity
exhibited by elastomeric materials may be characterized by a
Young’s modulus. Elastomeric materials having a Young’s
modulus of between about 1 Pa-1 TPa, more preferably
between about 10 Pa-100 GPa, more preferably between
about 20 Pa-1 GPa, more preferably between about 50 Pa-10
MPa, and more preferably between about 100 Pa-1 MPa are
useful in accordance with the present invention, although
elastomeric materials having a Young’s modulus outside of
these ranges could also be utilized depending upon the needs
of a particular application.

[0119] The systems of the present invention may be fabri-
cated from a wide variety of elastomers. In an exemplary
aspect, the elastomeric layers may preferably be fabricated
from silicone rubber. However, other suitable elastomers may
also be used.

[0120] Inan exemplary aspect of the present invention, the
present systems are fabricated from an elastomeric polymer
suchas GE RTV 615 (formulation), a vinyl-silane crosslinked
(type) silicone elastomer (family). However, the present sys-
tems are not limited to this one formulation, type or even this
family of polymer; rather, nearly any elastomeric polymer is
suitable. An important requirement for the preferred method
of fabrication of the present microvalves is the ability to bond
multiple layers of elastomers together. In the case of multi-
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layer soft lithography, layers of elastomer are cured sepa-
rately and then bonded together. This scheme requires that
cured layers possess sufficient reactivity to bond together.
Either the layers may be of the same type, and are capable of
bonding to themselves, or they may be of two different types,
and are capable of bonding to each other. Other possibilities
include the use an adhesive between layers and the use of
thermoset elastomers.

[0121] Given the tremendous diversity of polymer chemis-
tries, precursors, synthetic methods, reaction conditions, and
potential additives, there are a huge number of possible elas-
tomer systems that could be used to make monolithic elasto-
meric microvalves and pumps. Variations in the materials
used will most likely be driven by the need for particular
material properties, i.e. solvent resistance, stiffness, gas per-
meability, or temperature stability.

[0122] There are many, many types of elastomeric poly-
mers. A brief description of the most common classes of
elastomers is presented here, with the intent of showing that
even with relatively “standard” polymers, many possibilities
for bonding exist. Common elastomeric polymers include
polyisoprene, polybutadiene, polychloroprene, polyisobuty-
lene, poly(styrene-butadiene-styrene), the polyurethanes,
and silicones.

[0123] Polyisoprene, Polybutadiene, Polychloroprene:
[0124] Polyisoprene, polybutadiene, and polychloroprene
are all polymerized from diene monomers, and therefore have
one double bond per monomer when polymerized. This
double bond allows the polymers to be converted to elas-
tomers by vulcanization (essentially, sulfur is used to form
crosslinks between the double bonds by heating). This would
easily allow homogeneous multilayer soft lithography by
incomplete vulcanization of the layers to be bonded; photo-
resist encapsulation would be possible by a similar mecha-
nism.

[0125] Polyisobutylene:

[0126] Pure Polyisobutylene has no double bonds, but is
crosslinked to use as an elastomer by including a small
amount (~1%) of isoprene in the polymerization. The iso-
prene monomers give pendant double bonds on the Poly-
isobutylene backbone, which may then be vulcanized as
above.

[0127] Poly(styrene-butadiene-styrene):

[0128] Poly(styrene-butadiene-styrene) is produced by liv-
ing anionic polymerization (that is, there is no natural chain-
terminating step in the reaction), so “live” polymer ends can
exist in the cured polymer. This makes it a natural candidate
for the present photoresist encapsulation system (where there
will be plenty of unreacted monomer in the liquid layer
poured on top of the cured layer). Incomplete curing would
allow homogeneous multilayer soft lithography (A to A bond-
ing). The chemistry also facilitates making one layer with
extra butadiene (“A”) and coupling agent and the other layer
(“B”) with a butadiene deficit (for heterogeneous multilayer
soft lithography). SBS is a “thermoset elastomer”, meaning
that above a certain temperature it melts and becomes plastic
(as opposed to elastic); reducing the temperature yields the
elastomer again. Thus, layers can be bonded together by
heating.

[0129] Polyurethanes:

[0130] Polyurethanes are produced from di-isocyanates
(A-A) and di-alcohols or di-amines (B-B); since there are a
large variety of di-isocyanates and di-alcohols/amines, the
number of different types of polyurethanes is huge. The A vs.
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B nature of the polymers, however, would make them useful
for heterogeneous multilayer soft lithography just as RTV
6151s: by using excess A-A in one layer and excess B-B in the
other layer.

[0131] Silicones:

[0132] Silicone polymers probably have the greatest struc-
tural variety, and almost certainly have the greatest number of
commercially available formulations. The vinyl-to-(Si—H)
crosslinking of RTV 615 (which allows both heterogeneous
multilayer soft lithography and photoresist encapsulation)
has already been discussed, but this is only one of several
crosslinking methods used in silicone polymer chemistry.
[0133] 5. Operation of Device

[0134] FIGS. 7B and 7H together show the closing of a first
flow channel by pressurizing a second flow channel, with
FIG. 7B (a front sectional view cutting through flow channel
32 in corresponding FIG. 7A), showing an open first flow
channel 30; with FIG. 7H showing first flow channel 30
closed by pressurization of the second flow channel 32.
[0135] Referring to FIG. 7B, first flow channel 30 and
second flow channel 32 are shown. Membrane 25 separates
the flow channels, forming the top of first flow channel 30 and
the bottom of second flow channel 32. As can be seen, flow
channel 30 is “open”.

[0136] As can be seen in FIG. 7H, pressurization of flow
channel 32 (either by gas or liquid introduced therein) causes
membrane 25 to deflect downward, thereby pinching off flow
F passing through flow channel 30. Accordingly, by varying
the pressure in channel 32, a linearly actuable valving system
is provided such that flow channel 30 can be opened or closed
by moving membrane 25 as desired. (For illustration pur-
poses only, channel 30 in FIG. 7G is shown in a “mostly
closed” position, rather than a “fully closed” position).
[0137] Sincesuch valves are actuated by moving the roofof
the channels themselves (i.e.: moving membrane 25) valves
and pumps produced by this technique have a truly zero dead
volume, and switching valves made by this technique have a
dead volume approximately equal to the active volume of the
valve, for example about 100x100x10 um=100 pL. Such
dead volumes and areas consumed by the moving membrane
are approximately two orders of magnitude smaller than
known conventional microvalves.

[0138] Smaller and larger valves and switching valves are
contemplated in the present invention, and a non-exclusive
list of ranges of dead volume includes 1 al. to 1 ul, 100 al. to
100 nL, 1 fL. to 10 nL., 100 fI. to 1 nl, and 1 pL to 100 pL..

[0139] The extremely small volumes capable of being
delivered by pumps and valves in accordance with the present
invention represent a substantial advantage. Specifically, the
smallest known volumes of fluid capable of being manually
metered is around 0.1 pl. The smallest known volumes
capable of being metered by automated systems is about
ten-times larger (1 pl). Utilizing pumps and valves in accor-
dance with the present invention, volumes of liquid of 10 nl or
smaller can routinely be metered and dispensed. The accurate
metering of extremely small volumes of fluid enabled by the
present invention would be extremely valuable in a large
number of biological applications, including diagnostic tests
and assays.

[0140] Equation 1 represents a highly simplified math-
ematical model of deflection of a rectangular, linear, elastic,
isotropic plate of uniform thickness by an applied pressure:

w=(BPb"/(ER?), where: (€8]
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[0141] w=deflection of plate;
[0142] B=shape coefficient (dependent upon length vs.
width and support of edges of plate);

[0143] P=applied pressure;
[0144] b=plate width
[0145] E=Young’s modulus; and
[0146] h=plate thickness.
[0147] Thus even in this extremely simplified expression,

deflection of an elastomeric membrane in response to a pres-
sure will be a function of: the length, width, and thickness of
the membrane, the flexibility of the membrane (Young’s
modulus), and the applied actuation force. Because each of
these parameters will vary widely depending upon the actual
dimensions and physical composition of a particular elasto-
meric device in accordance with the present invention, a wide
range of membrane thicknesses and elasticity’s, channel
widths, and actuation forces are contemplated by the present
invention.

[0148] It should be understood that the formula just pre-
sented is only an approximation, since in general the mem-
brane does not have uniform thickness, the membrane thick-
ness is not necessarily small compared to the length and
width, and the deflection is not necessarily small compared to
length, width, or thickness of the membrane. Nevertheless,
the equation serves as a useful guide for adjusting variable
parameters to achieve a desired response of deflection versus
applied force.

[0149] FIGS. 8A and 8B illustrate valve opening vs.
applied pressure for a 100 um wide first flow channel 30 and
a 50 um wide second flow channel 32. The membrane of this
device was formed by a layer of General Electric Silicones
RTV 615 having a thickness of approximately 30 um and a
Young’s modulus of approximately 750 kPa. FIGS. 21a and
214 show the extent of opening of the valve to be substantially
linear over most of the range of applied pressures.

[0150] Airpressure was applied to actuate the membrane of
the device through a 10 cm long piece of plastic tubing having
an outer diameter of 0.025" connected to a 25 mm piece of
stainless steel hypodermic tubing with an outer diameter of
0.025" and an inner diameter of 0.013". This tubing was
placed into contact with the control channel by insertion into
the elastomeric block in a direction normal to the control
channel. Air pressure was applied to the hypodermic tubing
from an external LHDA miniature solenoid valve manufac-
tured by Lee Co.

[0151] While control of the flow of material through the
device has so far been described utilizing applied gas pres-
sure, other fluids could be used.

[0152] For example, air is compressible, and thus experi-
ences some finite delay between the time of application of
pressure by the external solenoid valve and the time that this
pressure is experienced by the membrane. In an alternative
embodiment of the present invention, pressure could be
applied from an external source to a noncompressible fluid
such as water or hydraulic oils, resulting in a near-instanta-
neous transfer of applied pressure to the membrane. However,
if the displaced volume of the valve is large or the control
channel is narrow, higher viscosity of a control fluid may
contribute to delay in actuation. The optimal medium for
transferring pressure will therefore depend upon the particu-
lar application and device configuration, and both gaseous
and liquid media are contemplated by the invention.

[0153] While external applied pressure as described above
has been applied by a pump/tank system through a pressure
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regulator and external miniature valve, other methods of
applying external pressure are also contemplated in the
present invention, including gas tanks, compressors, piston
systems, and columns of liquid. Also contemplated is the use
of naturally occurring pressure sources such as may be found
inside living organisms, such as blood pressure, gastric pres-
sure, the pressure present in the cerebrospinal fluid, pressure
present in the intra-ocular space, and the pressure exerted by
muscles during normal flexure. Other methods of regulating
external pressure are also contemplated, such as miniature
valves, pumps, macroscopic peristaltic pumps, pinch valves,
and other types of fluid regulating equipment such as is
known in the art.

[0154] Ascanbe seen, the response of valves in accordance
with embodiments of the present invention have been experi-
mentally shown to be almost perfectly linear over a large
portion of its range of travel, with minimal hysteresis.
Accordingly, the present valves are ideally suited for microf-
luidic metering and fluid control. The linearity of the valve
response demonstrates that the individual valves are well
modeled as Hooke’s Law springs. Furthermore, high pres-
sures in the flow channel (i.e.: back pressure) can be coun-
tered simply by increasing the actuation pressure. Experi-
mentally, the present inventors have achieved valve closure at
back pressures of 70 kPa, but higher pressures are also con-
templated. The following is a nonexclusive list of pressure
ranges encompassed by the present invention: 10 Pa-25 MPa;
100 Pa-10 Mpa, 1 kPa-1 MPa, 1 kPa-300 kPa, 5 kPa-200 kPa,
and 15 kPa-100 kPa.

[0155] While valves and pumps do not require linear actua-
tion to open and close, linear response does allow valves to
more easily be used as metering devices. In one embodiment
of the invention, the opening of the valve is used to control
flow rate by being partially actuated to a known degree of
closure. Linear valve actuation makes it easier to determine
the amount of actuation force required to close the valve to a
desired degree of closure. Another benefit of linear actuation
is that the force required for valve actuation may be easily
determined from the pressure in the flow channel. If actuation
is linear, increased pressure in the flow channel may be coun-
tered by adding the same pressure (force per unit area) to the
actuated portion of the valve.

[0156] Linearity of a valve depends on the structure, com-
position, and method of actuation of the valve structure. Fur-
thermore, whether linearity is a desirable characteristic in a
valve depends on the application. Therefore, both linearly and
non-linearly actuable valves are contemplated in the present
invention, and the pressure ranges over which a valve is
linearly actuable will vary with the specific embodiment.
[0157] FIG. 9 illustrates time response (i.e.: closure of
valve as a function of time in response to a change in applied
pressure) of a 100 pmx100 pmx10 um RTV microvalve with
10-cm-long air tubing connected from the chip to a pneumatic
valve as described above.

[0158] Two periods of digital control signal, actual air pres-
sure at the end of the tubing and valve opening are shown in
FIG. 9. The pressure applied on the control line is 100 kPa,
which is substantially higher than the ~40 kPa required to
close the valve. Thus, when closing, the valve is pushed
closed with a pressure 60 kPa greater than required. When
opening, however, the valve is driven back to its rest position
only by its own spring force (=40 kPa). Thus, tclose is
expected to be smaller than topen. There is also a lag between
the control signal and control pressure response, due to the
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limitations of the miniature valve used to control the pressure.
Calling such lags t and the 1/e time constants T, the values are:
topen=3.63 ms, Topen=1.88 ms, tclose=2.15 ms, Tclose=0.51
ms. If 3t each are allowed for opening and closing, the valve
runs comfortably at 75 Hz when filled with aqueous solution.
[0159] Ifone used another actuation method which did not
suffer from opening and closing lag, this valve would run at
~375 Hz. Note also that the spring constant can be adjusted by
changing the membrane thickness; this allows optimization
for either fast opening or fast closing. The spring constant
could also be adjusted by changing the elasticity (Young’s
modulus) of the membrane, as is possible by introducing
dopant into the membrane or by utilizing a different elasto-
meric material to serve as the membrane (described above in
conjunction with FIGS. 7C-7H.)

[0160] When experimentally measuring the valve proper-
ties as illustrated in FIG. 9 the valve opening was measured by
fluorescence. In these experiments, the flow channel was
filled with a solution of fluorescein isothiocyanate (FITC) in
buffer (pH=8) and the fluorescence of a square area occupy-
ing the center ~%4rd of the channel is monitored on an epi-
fluorescence microscope with a photomultiplier tube with a
10 kHz bandwidth. The pressure was monitored with a
Wheatstone-bridge pressure sensor (SenSym SCC15GD2)
pressurized simultaneously with the control line through
nearly identical pneumatic connections.

[0161] 6. Flow Channel Cross Sections

[0162] The flow channels of the present invention may
optionally be designed with different cross sectional sizes and
shapes, offering different advantages, depending upon their
desired application. For example, the cross sectional shape of
the lower flow channel may have a curved upper surface,
either along its entire length or in the region disposed under an
upper cross channel). Such a curved upper surface facilitates
valve sealing, as follows.

[0163] Referring to FIG. 10, a cross sectional view (similar
to that of FIG. 7B) through flow channels 30 and 32 is shown.
As can be seen, flow channel 30 is rectangular in cross sec-
tional shape. In an alternate preferred aspect of the invention,
as shown in FIG. 10, the cross-section of a flow channel 30
instead has an upper curved surface.

[0164] Referring first to FIG. 10, when flow channel 32 is
pressurized, the membrane portion 25 of elastomeric block 24
separating flow channels 30 and 32 will move downwardly to
the successive positions shown by the dotted lines 25A, 25B,
25C, 25D, and 25E. As can be seen, incomplete sealing may
possibly result at the edges of flow channel 30 adjacent planar
substrate 14.

[0165] In the alternate preferred embodiment of FIG. 11,
flow channel 30a has a curved upper wall 25A. When flow
channel 32 is pressurized, membrane portion 25 will move
downwardly to the successive positions shown by dotted lines
25A2, 25A3, 25A4 and 25A5, with edge portions of the
membrane moving first into the flow channel, followed by top
membrane portions. An advantage of having such a curved
upper surface at membrane 25A is that a more complete seal
will be provided when flow channel 32 is pressurized. Spe-
cifically, the upper wall of the flow channel 30 will provide a
continuous contacting edge against planar substrate 14,
thereby avoiding the “island” of contact seen between wall 25
and the bottom of flow channel 30 in FIG. 10.

[0166] Another advantage of having a curved upper flow
channel surface at membrane 25A is that the membrane can
more readily conform to the shape and volume of the flow
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channel in response to actuation. Specifically, where a rect-
angular flow channel is employed, the entire perimeter (2x
flow channel height, plus the flow channel width) must be
forced into the flow channel. However where an arched flow
channel is used, a smaller perimeter of material (only the
semi-circular arched portion) must be forced into the channel.
In this manner, the membrane requires less change in perim-
eter for actuation and is therefore more responsive to an
applied actuation force to block the flow channel

[0167] Inanalternate aspect, (not illustrated), the bottom of
flow channel 30 is rounded such that its curved surface mates
with the curved upper wall 25A as seen in FIG. 20 described
above.

[0168] In summary, the actual conformational change
experienced by the membrane upon actuation will depend
upon the configuration of the particular elastomeric structure.
Specifically, the conformational change will depend upon the
length, width, and thickness profile of the membrane, its
attachment to the remainder of the structure, and the height,
width, and shape of the flow and control channels and the
material properties of the elastomer used. The conformational
change may also depend upon the method of actuation, as
actuation of the membrane in response to an applied pressure
will vary somewhat from actuation in response to a magnetic
or electrostatic force.

[0169] Moreover, the desired conformational change in the
membrane will also vary depending upon the particular appli-
cation for the elastomeric structure. In the simplest embodi-
ments described above, the valve may either be open or
closed, with metering to control the degree of closure of the
valve. In other embodiments however, it may be desirable to
alter the shape of the membrane and/or the flow channel in
order to achieve more complex flow regulation. For instance,
the flow channel could be provided with raised protrusions
beneath the membrane portion, such that upon actuation the
membrane shuts off only a percentage of the flow through the
flow channel, with the percentage of flow blocked insensitive
to the applied actuation force.

[0170] Many membrane thickness profiles and flow chan-
nel cross-sections are contemplated by the present invention,
including rectangular, trapezoidal, circular, ellipsoidal, para-
bolic, hyperbolic, and polygonal, as well as sections of the
above shapes. More complex cross-sectional shapes, such as
the embodiment with protrusions discussed immediately
above or an embodiment having concavities in the flow chan-
nel, are also contemplated by the present invention.

[0171] Inaddition, while the invention is described prima-
rily above in conjunction with an embodiment wherein the
walls and ceiling of the flow channel are formed from elas-
tomer, and the floor of the channel is formed from an under-
lying substrate, the present invention is not limited to this
particular orientation. Walls and floors of channels could also
be fanned in the underlying substrate, with only the ceiling of
the flow channel constructed from elastomer. This elastomer
flow channel ceiling would project downward into the chan-
nel in response to an applied actuation force, thereby control-
ling the flow of material through the flow channel. In general,
monolithic elastomer structures as described elsewhere in the
instant application are preferred for microfluidic applica-
tions. However, it may be useful to employ channels formed
in the substrate where such an arrangement provides advan-
tages. For instance, a substrate including optical waveguides
could be constructed so that the optical waveguides direct
light specifically to the side of a microfluidic channel.
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[0172] 7. Networked Systems

[0173] FIGS. 12A and 12B show a views of a single on/off
valve, identical to the systems set forth above, (for example in
FIG. 7A). FIGS. 13A and 13B shows a peristaltic pumping
system comprised of a plurality of the single addressable
on/off valves as seen in FIG. 12, but networked together. FIG.
14 is a graph showing experimentally achieved pumping rates
vs. frequency for the peristaltic pumping system of FIG. 13.
FIGS. 15A and 15B show a schematic view of a plurality of
flow channels which are controllable by a single control line.
This system is also comprised of a plurality of the single
addressable on/off valves of FIG. 12, multiplexed together,
but in a different arrangement than that of FIG. 12. FIG. 16 is
a schematic illustration of a multiplexing system adapted to
permit fluid flow through selected channels, comprised of a
plurality of the single on/off valves of FIG. 12, joined or
networked together.

[0174] Referring firstto FIGS. 12A and 12B, a schematic of
flow channels 30 and 32 is shown. Flow channel 30 preferably
has a fluid (or gas) flow F passing therethrough. Flow channel
32, (which crosses over flow channel 30, as was already
explained herein), is pressurized such that membrane 25
separating the flow channels may be depressed into the path
of flow channel 30, shutting off the passage of flow F there-
through, as has been explained. As such, “flow channel” 32
can also be referred to as a “control line” which actuates a
single valve in flow channel 30. In FIGS. 12 to 15, a plurality
of'such addressable valves are joined or networked together in
various arrangements to produce pumps, capable of peristal-
tic pumping, and other fluidic logic applications.

[0175] Referring to FIGS. 13 A and 13B, a system for peri-
staltic pumping is provided, as follows. A flow channel 30 has
a plurality of generally parallel flow channels (i.e.: control
lines) 32A, 32B and 32C passing thereover. By pressurizing
control line 32A, flow F through flow channel 30 is shut off
under membrane 25A at the intersection of control line 32A
and flow channel 30. Similarly, (but not shown), by pressur-
izing control line 32B, flow F through flow channel 30 is shut
off under membrane 25B at the intersection of control line
32B and flow channel 30, etc.

[0176] Each of control lines 32A, 32B, and 32C is sepa-
rately addressable. Therefore, peristalsis may be actuated by
the pattern of actuating 32A and 32C together, followed by
32A, followed by 32A and 32B together, followed by 32B,
followed by 32B and C together, etc. This corresponds to a
successive “101, 100, 110, 010, 011, 001” pattern, where “0”
indicates “valve open” and “1” indicates “valve closed.” This
peristaltic pattern is also known as a 120° pattern (referring to
the phase angle of actuation between three valves). Other
peristaltic patterns are equally possible, including 60° and
90° patterns.

[0177] Inexperiments performed by the inventors, a pump-
ing rate of 2.35 nl./s was measured by measuring the distance
traveled by a column of water in thin (0.5 mm i.d.) tubing;
with 100x100x10 um valves under an actuation pressure of
40kPa. The pumping rate increased with actuation frequency
until approximately 75 Hz, and then was nearly constant until
above 200 Hz. The valves and pumps are also quite durable
and the elastomer membrane, control channels, or bond have
never been observed to fail. In experiments performed by the
inventors, none of the valves in the peristaltic pump described
herein show any sign of wear or fatigue after more than 4
million actuations. In addition to their durability, they are also
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gentle. A solution of E. Coli pumped through a channel and
tested for viability showed a 94% survival rate.

[0178] FIG.14isagraph showing experimentally achieved
pumping rates vs. frequency for the peristaltic pumping sys-
tem of FIG. 13.

[0179] FIGS. 15A and 15B illustrates another way of
assembling a plurality of the addressable valves of FIG. 12.
Specifically, a plurality of parallel flow channels 30A, 30B,
and 30C are provided. Flow channel (i.e.: control line) 32
passes thereover across flow channels 30A, 30B, and 30C.
Pressurization of control line 32 simultaneously shuts off
flows F1, F2 and F3 by depressing membranes 25A, 25B, and
25C located at the intersections of control line 32 and flow
channels 30A, 30B, and 30C.

[0180] FIG. 16 is a schematic illustration of a multiplexing
system adapted to selectively permit fluid to flow through
selected channels, as follows. The downward deflection of
membranes separating the respective flow channels from a
control line passing thereabove (for example, membranes
25A, 25B, and 25C in FIGS. 15A and 15B) depends strongly
upon the membrane dimensions. Accordingly, by varying the
widths of flow channel control line 32 in FIGS. 15A and 15B,
it is possible to have a control line pass over multiple flow
channels, yet only actuate (i.e.: seal) desired flow channels.
FIG. 16 illustrates a schematic of such a system, as follows.
[0181] A plurality of parallel flow channels 30 A, 30B, 30C,
30D, 30E and 30F are positioned under a plurality of parallel
control lines 32A, 32B, 32C, 32D, 32E and 32F. Control
channels 32A, 32B, 32C, 32D, 32E and 32F are adapted to
shut off fluid flows F1, F2, F3, F4, F5 and F6 passing through
parallel flow channels 30A, 30B, 30C, 30D, 30E and 30F
using any of the valving systems described above, with the
following modification.

[0182] Each of control lines 32A, 32B, 32C, 32D, 32E and
32F have both wide and narrow portions. For example, con-
trol line 32 A is wide in locations disposed over flow channels
30A, 30C and 30E. Similarly, control line 32B is wide in
locations disposed over flow channels 30B, 30D and 30F, and
control line 32C is wide in locations disposed over flow
channels 30A, 30B, 30E and 30F.

[0183] At the locations where the respective control line is
wide, its pressurization will cause the membrane (25) sepa-
rating the flow channel and the control line to depress signifi-
cantly into the flow channel, thereby blocking the flow pas-
sage therethrough. Conversely, in the locations where the
respective control line is narrow, membrane (25) will also be
narrow. Accordingly, the same degree of pressurization will
notresult in membrane (25) becoming depressed into the flow
channel (30). Therefore, fluid passage thereunder will not be
blocked.

[0184] For example, when control line 32A is pressurized,
it will block flows F1, F3 and F5 in flow channels 30A, 30C
and 30E. Similarly, when control line 32C is pressurized, it
will block flows F1, F2, F5 and F6 in flow channels 30A, 308,
30E and 30F. As can be appreciated, more than one control
line can be actuated at the same time. For example, control
lines 32A and 32C can be pressurized simultaneously to
block all fluid flow except F4 (with 32A blocking F1, F3 and
F5; and 32C blocking F1, F2, F5 and F6).

[0185] By selectively pressurizing different control lines
(32) both together and in various sequences, a great degree of
fluid flow control can be achieved. Moreover, by extending
the present system to more than six parallel flow channels
(30) and more than four parallel control lines (32), and by
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varying the positioning of the wide and narrow regions of the
control lines, very complex fluid flow control systems may be
fabricated. A property of such systems is that it is possible to
turn on any one flow channel out of n flow channels with only
2(log 2n) control lines.

[0186] 8. Switchable Flow Arrays

[0187] Inyet another novel embodiment, fluid passage can
be selectively directed to flow in either of two perpendicular
directions. An example of such a “switchable flow array”
system is provided in FIGS. 17A to 17D. FIG. 17A shows a
bottom view of a first layer of elastomer 90, (or any other
suitable substrate), having a bottom surface with a pattern of
recesses forming a flow channel grid defined by an array of
solid posts 92, each having flow channels passing there-
around.

[0188] In preferred aspects, an additional layer of elas-
tomer is bound to the top surface of layer 90 such that fluid
flow can be selectively directed to move either indirection F1,
or perpendicular direction F2. FIG. 17B is a bottom view of
the bottom surface of the second layer of elastomer 95 show-
ing recesses formed in the shape of alternating “vertical”
control lines 96 and “horizontal” control lines 94. “Vertical”
control lines 96 have the same width therealong, whereas
“horizontal” control lines 94 have alternating wide and nar-
row portions, as shown.

[0189] Elastomeric layer 95 is positioned over top of elas-
tomeric layer 90 such that “vertical” control lines 96 are
positioned over posts 92 as shown in FIG. 17C and “horizon-
tal” control lines 94 are positioned with their wide portions
between posts 92, as shown in FIG. 17D.

[0190] As canbe seen in FIG. 17C, when “vertical” control
lines 96 are pressurized, the membrane of the integrated
structure formed by the elastomeric layer initially positioned
between layers 90 and 95 in regions 98 will be deflected
downwardly over the array of flow channels such that flow in
only able to pass in flow direction F2 (i.e.: vertically), as
shown.

[0191] As can be seen in FIG. 17D, when “horizontal”
control lines 94 are pressurized, the membrane of the inte-
grated structure formed by the elastomeric layer initially
positioned between layers 90 and 95 in regions 99 will be
deflected downwardly over the array of flow channels, (but
only in the regions where they are widest), such that flow in
only able to pass in flow direction F1 (i.e.: horizontally), as
shown.

[0192] The design illustrated in FIGS. 17A-D allows a
switchable flow array to be constructed from only two elas-
tomeric layers, with no vertical vias passing between control
lines in different elastomeric layers required. If all vertical
flow control lines 94 are connected, they may be pressurized
from one input. The same is true for all horizontal flow control
lines 96.

[0193] 9. Cell Pen

[0194] Inyeta further application of the present invention,
an elastomeric structure can be utilized to manipulate organ-
isms or other biological material. FIGS. 18A-18D show plan
views of one embodiment of a cell pen structure in accor-
dance with the present invention.

[0195] Cell pen array 4400 features an array of orthogo-
nally-oriented flow channels 4402, with an enlarged “pen”
structure 4404 at the intersection of alternating flow channels.
Valve 4406 is positioned at the entrance and exit of each pen
structure 4404. Peristaltic pump structures 4408 are posi-
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tioned on each horizontal flow channel and on the vertical
flow channels lacking a cell pen structure.

[0196] Cell pen array 4400 of FIG. 18A has been loaded
with cells A-H that have been previously sorted. FIGS. 18B-
18C show the accessing and removal of individually stored
cell C by 1) opening valves 4406 on either side of adjacent
pens 4404a and 44045, 2) pumping horizontal flow channel
4402a to displace cells C and G, and then 3) pumping vertical
flow channel 44025 to remove cell C. FIG. 18D shows that
second cell G is moved back into its prior position in cell pen
array 4400 by reversing the direction of liquid flow through
horizontal flow channel 4402a. The cell pen array 4404
described above is capable of storing materials within a
selected, addressable position for ready access.

[0197] While the embodiment shown and described above
in connection with FIGS. 18A-18D utilizes linked valve pairs
on opposite sides of the flow channel intersections, this is not
required by the present invention. Other configurations,
including linking of adjacent valves of an intersection, or
independent actuation of each valve surrounding an intersec-
tion, are possible to provide the desired flow characteristics.
With the independent valve actuation approach however, it
should be recognized that separate control structures would
be utilized for each valve, complicating device layout.

II. Microfluidic Large-Scale Integration

[0198] The previous section has described monolithic
microvalves that are substantially leakproof and scalable, and
has also described methods for fabricating these microvalves.
For the relatively simple arrays of microfluidic valves previ-
ously described, each fluid flow channel may be controlled by
its own individual valve control channel. However, such a
non-integrated control strategy cannot be practicably imple-
mented for more complex arrays comprising thousands or
even tens of thousands of individually addressable valves.
Accordingly, embodiments of the present invention provide a
variety of techniques which may be applied alone or in com-
bination to allow for the fabrication of large scale integrated
microfluidic devices having individually addressable valves.
[0199] 1. Control of Flow Lines by Multiplexor

[0200] The use of multiplexor structures has previously
been described in connection with a single set of control lines
overlying a single set of flow channels. FIG. 19A shows a
simplified plan view illustrating a microfluidic binary tree
multiplexor operational diagram. Flow channels 1900
defined in a lower elastomer layer contain the fluid of interest,
while control channels 1902 defined in an overlying elas-
tomer layer represent control lines containing an actuation
fluid such as air or water. Valves 1904 are defined by the
membranes formed at the intersection of the wider portion
19024 of a control channel 1902 with a flow channel 1900.
The actuation pressure is chosen so that only the wide mem-
branes are fully deflected into the flow channel 1900. Specifi-
cally, the multiplexor structure is based on the sharp increase
in pressure required to actuate a valve as the ratio of control
channel width:flow channel width is decreased.

[0201] The multiplexor structure shown in FIG. 19A is in
the form of a binary tree of valves where each stage selects
one out of two total groups of flow channels. In the multi-
plexor embodiment shown in FIG. 19A, each combination of
open/closed valves in the multiplexor selects for a single
channel, so that n flow channels can be addressed with only 2
log,n control channels.
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[0202] By using multiplexed valve systems, the power of
the binary system becomes evident: only about 20 control
channels are required to specifically address 1024 flow chan-
nels. This allows a large number of elastomeric microvalves
to perform complex fluidic manipulations within these
devices, while the interface between the device and the exter-
nal environment is simple and robust.

[0203] FIG. 19B shows a simplified plan view of an alter-
native embodiment of a multiplexor structure in accordance
with the present invention. Multiplexor structure 1950 com-
prises control channels 1952 formed in an elastomer layer
overlying flow channels 1954 of an underlying elastomer
layer. Operating under the same physical principles of the
multiplexor of FIG. 19A, multiplexor 1950 comprises a ter-
tiary tree of valves, where each stage comprises three bits (“a
trit”) and selects one out of three total groups of flow chan-
nels. Each combination of open/closed valves in the multi-
plexor 1950 selects for a single channel, so that n flow chan-
nels can be addressed with only 3 log;n control channels.
[0204] The general microfluidic flow architecture of either
of the basic multiplexor devices shown in FIGS. 19A-B may
be generically represented in the simplified cross-sectional
view of FIG. 20, wherein second elastomer layer E2 defining
control channel network C overlies first elastomer layer E1
defining flow channel network F.

[0205] The base 3 multiplexor of FIG. 19B is the most
efficient design that may be used to address large numbers of
‘flow” channels. This is because the x log, n valve is mini-
mized where e is used for the base of the log. As fractions are
not used for the base of an actual multiplexor, the most effi-
cient multiplexor structure is achieved where the value of
x=3, the integer closest to e (~2.71828).

[0206] To highlight this point, Table 1 compares the effi-
ciency of the base 2 multiplexor with the base 3 multiplexor.

TABLE 1

Number of Flow Lines
Controlled by

Control Lines Enhanced Efficiency

Number of Base 2 Base 3 of Base 3 Multiplexor
Control Lines Multiplexor Multiplexor Structure
6 8 9 +1
9 23 27 +4
12 64 81 +17
15 181 243 +62
18 512 729 +217

[0207] While the above description has focused upon vari-
ous multiplexor structures utilizing stages having the same
base number, this is not required by the present invention.
Alternative embodiments of multiplexor structures in accor-
dance with the present invention may comprise stages of
unlike base numbers. For example, a two-stage plexor con-
sisting of a bit stage and a trit stage represents the most
efficient way of addressing six flow channels. The order of the
stages is arbitrary, and will always result in the same number
of flow lines being controlled. The use of multiplexor struc-
tures comprising different binary and tertiary stages allows
the efficient addressing of any number of “flow” channels that
are the product of the numbers 2 and 3.

[0208] A multiplexor may conceivably use any base num-
ber. For example, five may also be used as the base number, if
necessary. However, efficiency in utilization of control lines



US 2010/0154890 Al

diminishes as the number of control lines moves away from
the value of e. This is shown in FIG. 33, which plots the
number of control lines versus the number of flow lines being
controlled, for multiplexor structures having different base
numbers.

[0209] The standard multiplexor structures previously
shown and described a suitable for many applications. How-
ever, alternative embodiments of multiplexor structures may
offer enhanced performance in certain situations.

[0210] For example, where several fluid inputs are to be
selected and introduced serially into other regions of a chip,
unwanted cross-contamination attributable to dead volumes
between valves can occur. Accordingly, FIG. 28 shows a
simplified plan view of an alternative embodiment of a mul-
tiplexor structure of the present invention, which features a
minimum of dead volume.

[0211] Specifically, multiplexor 2800 comprises a flow
channel network 2802 having sample inputs 2804 arranged in
the shape of a fluidic input tree. Control lines 2806 are
arranged in three stages, with first and second tertiary states
28064 and 28065, and binary stage 2806¢ control lines access
of the flowed fluid to outlet 2808 of the flow channel network.
The control lines 2806 are positioned to locate control valves
2810 as close as possible to each flow channel junction in
order to minimize dead volumes. Additionally, a final input
line 2814 of every multiplexor is allocated to receive a buffer,
thereby allowing cleaning ofthe contents of the flow channels
and flow channel junctions.

[0212] 2. Control of Control Lines by Other Control Lines
[0213] One technique allowing for the fabrication of large
scale integrated (L.SI) microfiuidic devices is the use of mul-
tiple layers of control lines. FIGS. 21-21B illustrate this
approach. FIG. 21 shows a plan view of one embodiment of a
microfluidic device having a first control line controlled by a
second control line. FIG. 21A shows a cross-sectional view of
the microfluidic device of FIG. 21, taken along line 21A-
21A". FIG. 21B shows a cross-sectional view of the microf-
luidic device of FIG. 21, taken along line 21B-21B".

[0214] Microfluidic structure 2100 comprises two flow
channels 2102a-5 formed in lowermost elastomer layer 2104.
First control channel network 2106 including first inlet 21064
in fluid communication with first and second branches 21065
and 2106c¢, is formed in a second elastomer layer 2108 over-
lying first elastomer layer 2104. First branch 21065 of first
control channel network 2106 includes widened portion 2110
overlying first flow channel 2102a to define first valve 2112.
Second branch 2106¢ of first control channel network 2106
includes widened portion 2114 overlying second flow chan-
nel 21025 to define second valve 2116.

[0215] Second control channel network 2118 comprising
third control channel 2118a is formed in third elastomer layer
2120 overlying second elastomer layer 2108. Third control
channel 21184 includes widened portion 21185 overlying
first branch 21065 of first control channel network 2106 to
form valve 2122.

[0216] The microfluidic device illustrated in FIGS. 21-21B
may be operated as follows. A fluid that is to be manipulated
is present in flow channels 21024 and 21025. Application of
apressure to the first control channel network 2106 causes the
membranes of valves 2112 and 2116 to deflect downward into
their respective flow channels 2102a and 21025, thereby
valving flow through the flow channels.

[0217] Application of a pressure to second control channel
network 2118 causes the membrane of valve 2122 to deflect
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downward into underlying first branch 2106¢ only of first
control channel network 2106. This fixes the valve 2112 in its
deflected state, in turn allowing the pressure within the first
control channel network 2106 to be varied without affecting
the state of valve 2112.

[0218] The general architecture of the microfluidic device
depicted in FIGS. 21-21B is summarized in the simplified
cross-sectional view of FIG. 22. Specifically, elastomeric
device 2200 comprises lowest elastomer layer E1 defining
flow channel network F, underlying second elastomer layer
E2 defining first control channel network C1. First control
channel network C1 in turn underlies second control channel
network C2 that is defined within third elastomer layer E3.
[0219] While the embodiment of the microfluidic device of
FIGS. 21-21B is described as being fabricated from three
separate elastomer layers, this is not required by the present
invention. Large scale integrated microfluidic structures in
accordance with embodiments of the present invention fea-
turing multiplexed control lines may be fabricated utilizing
only two elastomer layers. This approach is shown and illus-
trated in connection with FIGS. 23-23B.

[0220] FIG. 23 shows a simplified plan view of a microfab-
ricated elastomer device including first and second flow chan-
nels 2300a and 230054, and first branched control channel
network 2302 overlying flow channels 23004 and 23005 to
define valves 2304 and 2306 respectively. FIG. 23A shows a
cross-sectional view of the microfabricated elastomer device
of FIG. 23, taken along line 23A-23A', with flow channel
2300q defined in lower elastomer layer 2306, and first control
channel 2302 defined in upper elastomer layer 2310.

[0221] Lower elastomer layer 2308 further comprises a
second control channel network 2312 running underneath
first control channel 2302 to define valve 2314. Accordingly,
FIG. 23B shows a cross-sectional view of the microfabricated
elastomer device of FIG. 23, taken along line 23B-23B'.
While present in the same (lower) elastomer layer 2308, flow
channel network 2300 and second control channel network
2312 are separate and do not intersect one another.

[0222] As represented in the simplified cross-sectional
view of FIG. 24, separate flow channel network F and control
channel network C2 may thus be present on a single (lower)
elastomer layer E1 that is overlaid by another elastomer layer
E2 defining only a control channel network C1.

[0223] The microfluidic device illustrated in FIGS. 23-23B
may be operated as follows. A fluid that is to be manipulated
is present in flow channels 23004 and 23005. Application of
apressure to the first control channel network 2302 causes the
membranes of valves 2304 to deflect downward into their
respective flow channels 2300q and 230054, thereby valving
flow through the flow channels.

[0224] Application of a pressure to second control channel
network 2312 causes the membrane of valve 2314 to deflect
upward into the overlying branch 2302« of first control chan-
nel network 2302. This fixes the valve 2314 in its deflected
state, in turn allowing the pressure within the first control
network 2302 to be varied without affecting the state of valve
2314.

[0225] In contrast with the embodiment shown in FIG. 21,
the microfluidic device of FIGS. 23-23B features a valve that
operates by deflecting upward into an adjacent control chan-
nel in response to an elevated pressure. Large scale integrated
microfluidic structures incorporating such upwardly deflect-
ing valves may include flow channels having rounded or
arched cross-sections to facilitate valve closure, in a manner
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similar to that described above in connection with FIG. 11.
Thus in a two-layer microfluidic structure comprising flow
channels on both the upper and lower levels, both the upper
and lower channels preferably exhibit an arched profile.

[0226] The approach of FIGS. 23-23B and 24 may be uti-
lized to introduce almost unlimited control over complex flow
functionality, without having to resort to more than two lay-
ers. This is illustrated in conjunction with FIG. 25, which
represents a simplified cross-sectional view of a microfluidic
structure 2500 comprising lower elastomer layer E1 having
flow channel network F and second control channel network
C2 defined therein, underlying upper elastomer layer E2 and
having separate first and third control channel networks C,
and C; defined therein.

[0227] A microfluidic device utilizing control channels to
control other control channels as shown and described in
connection with FIGS. 21-25 offers a number of advantages
over conventional microfluidic devices employing a single
control channel network. One potential advantage is
enhanced functionality.

[0228] Specifically, the simple multiplexor structure of
FIGS. 19A-B allows valving of all but one of n flow channels
given only x log n control channels, thereby allowing flow
through a single channel. However, the simple multiplexors
of FIGS. 19A-B do not allow for the inverse functionality,
wherein only one of the valves may be simultaneously actu-
ated utilizing a multiplexor having the same number (x log,n)
control lines.

[0229] Such functionality is, however, available through
the use of control lines to control other control lines, as
previously described. FIG. 26 illustrates one embodiment of
an inverse multiplexor structure 2601 in accordance with an
embodiment of the present invention, which utilizes multiple
layers of control lines.

[0230] Parallel flow channels 2600 formed in a first elas-
tomer layer are overlaid by a control channel network 2602
comprising a parallel set of control channels 2602a formed in
a second elastomer layer and sharing a common inlet 26025.
There are the same number of control channels 26024 as flow
channels 2600, with each control channel having a widened
portion 26025 overlying one of the corresponding flow chan-
nels 2600 to define valve 2610.

[0231] Ata point between common inlet 26025 and the first
flow channel, a second network 2604 of control channels
passes proximate to the first control channel network 2602,
defining a multiplexor structure 2606 comprising valves 2612
in the form of a plurality of actuable membranes. In certain
embodiments, this second network of control lines defining
the multiplexor may be formed in a third elastomer layer
overlying the second elastomer layer containing first control
channel network. Alternatively, the second network of control
lines defining the multiplexor may be formed in the first
elastomer layer, alongside but not intersecting with, the flow
channel network.

[0232] During operation of the inverse multiplexor struc-
ture shown in FIG. 26, common inlet 26025 of first control
channel network 2602 is initially depressurized. Multiplexor
2604 is then actuated to select all but one of the channels of
first control channel network 2602. Next, pressure is applied
to inlet 26025 to cause a pressure increase in the sole unse-
lected control channel of network 2602, thereby actuating the
valve of only that unselected control channel. Inverse multi-
plexing functionality has thus been achieved.
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[0233] Another potential advantage offered by the use of
control lines to control other control lines is a reduction in the
number of externally-accessible control lines required to con-
trol complex microfluidic structures. Specifically, the use of
multiple layers of control lines can be combined with the
multiplexor concept just described, to allow a few externally-
accessible control lines to exert control over a large number of
control channels responsible for operating large numbers of
internal valve structures.

[0234] FIG. 27 shows a simplified plan view of one
embodiment of microfluidic device 2700 in accordance with
the present invention utilizing cascaded multiplexors. Spe-
cifically, parallel flow channels 2701 defined in one elasto-
meric layer are overlaid by first control channel network 2702
featuring wide and narrow control channel portions defining
multiplexor 2703. First control channel network 2702 in turn
either overlies or is underlaid by second flow channel network
2704, which also features wide and narrow control channel
portions defining second multiplexor 2706.

[0235] FIG. 27 shows how a multiplexor comprising only
six control lines may control a total of twenty-seven flow lines
after cascading it with second multiplexor, requiring only a
single input, resulting in a total of only seven control lines.
The logical states of the second multiplexor may be set
sequentially by addressing each line using the first multi-
plexor, and then setting the state using the additional input.
High pressure (on) states may generally be retained for a
limited amount of time, due to the intrinsic gas permeability
of PDMS, as over time pressure within the second multi-
plexor is reduced via evaporation or outgussing of actuation
fluid. This loss in pressure can be counteracted two ways,
either by periodically refreshing the state of the second mul-
tiplexor, or by reducing the rate of loss in actuation fluid to
negligible levels relative to the total time of the experiment.
[0236] As just described, combinatorial arrays of binary or
other valve patterns can increase the processing power of a
network by allowing complex fluid manipulations with a
minimal number of controlled inputs. Such multiplexed con-
trol lines can be used to fabricate silicone devices with thou-
sands of valves and hundreds of individually addressable
reaction chambers, with a substantial reduction in the number
of control inputs required to address individual valve struc-
tures.

[0237] 3. Microfluidic Memory Array Structure

[0238] Microfluidic techniques in accordance with
embodiments of the present invention may be utilized to
fabricate a chip that contains a high density array of 1000
individually addressable picoliter scale chambers and which
may serve as a microfluidic memory storage device. Using
two multiplexors as fluidic design elements, a microfluidic
memory storage device was designed with 1000 independent
compartments and 3574 microvalves, organized as an addres-
sable 25x40 chamber microarray.

[0239] FIG. 29A is a simplified plan view showing a mask
design for the microfluidic memory storage device. FIG. 29B
shows a simplified enlarged view of one storage location of
the array of FIG. 29 A, illustrating purging mechanics.
[0240] Array 2900 comprises a first elastomer layer defin-
ing rows 2902 of parallel triplet flow channels 2902a-c having
interconnecting vertical branch flow channels 29024. For the
purposes of this application, flow channels 29024 and 2902¢
flanking central flow channel 29025 in each row are referred
to as “bus lines”. Each intersection between a vertical branch
29024 and a central flow channel 29025 defines a separate
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storage location in that row and for the storage device. Each of
the flow channels shares a common sample input 2904a or
29045, and a common sample output 2906. Each of the row
flow channels 2902a-c¢ shares a common purge input 2908.
[0241] Overlying the first elastomer layer containing flow
channels is a second elastomer layer containing networks of
control channels. Horizontal compartmentalization control
channel network 2910 having common inlet 2910« is fowled
in second elastomer layer. Control lines C1-C10 defining row
multiplexor 2912 are also foamed in the second elastomer
layer.

[0242] Row access control lines D1-D4 are also formed in
the second elastomer layer. Row access control lines D1-D4
are selectively actuable to control the flow of fluid through the
central flow channel or one of the flanking bus lines for any
one of the rows of the array.

[0243] The second elastomer layer also defines vertical
compartmentalization control channel network 2914 having
common inlet 29145. Ata point between common inlet 29145
and the first row of the array 2900, a separate control channel
network 2916 formed in the first elastomer layer crosses
under the vertical compartmentalization control channel net-
work 2914 to define column multiplexor 2918. The embodi-
ment of FIG. 29 thus represents a two-layer device allowing
control over vertical compartmentalization control channels
utilizing two separate control channel networks multiplexor
structures 2914 and 2916. Specifically, during operation of
the storage device, actuation of select control channels of the
column multiplexor allows access to only one particular stor-
age location in the array while all other storage locations
remain sealed and uncontaminated. Operation of the storage
device 2900 is now described in detail.

[0244] FIGS. 29C-F show enlarged plan views of one stor-
age location of the array. As shown in FIG. 29C, at an initial
time vertical compartmentalization control channel 2914 is
pressurized to close vertical compartmentalization valves
2924. Column multiplexor 2918 is then pressurized to acti-
vate valves 2930a-b to seal the vertical compartmentalization
valves 2924 in their pressurized state.

[0245] FIG. 29D shows the loading of all storage locations
located along a particular central flow line with fluid, by
selective manipulation of control lines D1-4. The closed state
of vertical compartmentalization valves 2924 limits the ver-
tical movement of the loaded fluid. FIG. 29E shows pressur-
ization of horizontal compartmentalization control channel
2910 to close horizontal compartmentalization valves 2922,
thereby isolating adjacent storage locations.

[0246] FIG. 29F shows the purging of loaded fluid from
specific storage locations. Specifically, column multiplexor
2918 is depressurized to deactuate valve 29305, allowing
venting of control channel and deactuation of the vertical
compartmentalization valves 2924 lying above and below
storage location 2950. Column multiplexor 2918 remains
pressurized to keep valve 2930q actuated, thereby maintain-
ing in a closed state vertical compartmentalization valves
2924 of adjacent storage locations.

[0247] Finally, control lines D1-4 are manipulated to allow
flow through only the top bus line 2902a. Pressure is applied
to purge inlet 2908, forcing the contents of storage location
2950 into top bus line 29024, along the bus line 29024, and
ultimately out of output 2906.

[0248] Summarizing, the storage array chip contains an
array of25x40 chambers, each of which has volume ~250 puL.
Each chamber can be individually addressed using the col-
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umn multiplexor and row multiplexor. The contents of each
memory/storage location can be selectively programmed to
be either dye (sample input) or water (wash buffer input).

[0249] The large scale integrate multiplexor valve systems
in accordance with embodiments of the present invention
allow each chamber ofthe matrix to be individually addressed
and isolated, and reduces the number of outside control inter-
connects to twenty-two. Fluid can be loaded into the device
through a single input port, after which control layer valves
then act as gates to compartmentalize the array into 250 pLL
chambers. Individual chamber addressing is accomplished
through flow channels that run parallel to the sample cham-
bers and use pressurized liquid under the control of the row
and column multiplexors and to flush the chamber contents to
the output.

[0250] FIG. 29B is a simplified and enlarged plan view
again showing purging mechanics for a single chamber
within a selected row of the chip shown in FIG. 29A. Each
row contains three parallel microchannels. To purge a specific
chamber pressurized fluid is first introduced in the purge
buffer input. The row multiplexor then directs the fluid to the
lower most channel of the selected row. The column multi-
plexor releases the vertical valves of the chamber, allowing
the pressurized fluid to flow through the chamber and purge
its contents.

[0251] This device adds a significant level of complexity to
previous microfluidic plumbing in that there are two succes-
sive levels of control—the column multiplexor actuates valve
control lines, which in turn actuate the valves themselves. The
design and mechanics of the microfluidic array are similar to
random access memory (RAM). Each set of multiplexors is
analogous to amemory address register, mapping to a specific
row or column in the matrix.

[0252] Like dynamic RAM, the row and column multiplex-
ors have unique functions. The row multiplexor is used for
fluid trafficking: it directs the fluid responsible for purging
individual compartments within a row and refreshes the cen-
tral compartments (memory elements) within a row, analo-
gous to a RAM word line. The column multiplexor acts in a
fundamentally different manner, controlling the vertical
input/output valves for specific central compartments in each
row.

[0253] To operate the column multiplexor, the vertical con-
tainment valve on the control layer is pressurized to close off
the entire array. The column multiplexor, located on the flow
layer, is activated with its valves deflected upwards into the
control layer to trap the pressurized liquid in the entire verti-
cal containment valve array. A single column is then selected
by the multiplexor, and the pressure on the vertical contain-
ment valve is released to open the specified column, allowing
it to be rapidly purged by pressurized liquid in a selected row.

[0254] To demonstrate the functionality of the microfluidic
memory storage device, the central memory storage cham-
bers of each row were loaded with dye (2.4 mM bromophenol
blue in sodium citrate buffer, pH 7.2) and proceeded to purge
individual chambers with water to spell out “CIT”. Since the
readout is optical, this memory device also essentially func-
tions as a fluidic display monitor. FIG. 29G shows a demon-
stration of microfluidic memory display. Individual chambers
are selectively purged to spell out “CIT”. A key advantage of
the plumbing display is that once the picture is set, the device
consumes very little power.
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[0255] 4. One Way Valve/Fluidic Display

[0256] The storage device depicted in FIG. 29A comprises
an array of chambers whose contents are individually acces-
sible through horizontal movement of fluid through co-planar
bus lines positioned on either side of a central flow channel.
However, techniques for fabricating large scale integrated
microfluidic structures in accordance with embodiments of
the present invention are not limited to fabricating this par-
ticular device.

[0257] FIGS. 34A-C show simplified cross-sectional views
illustrating the structure and operation of an embodiment of a
valve structure in accordance with the present invention,
which allows for the vertical flow of fluid in one direction
only. As described in detail below, these one-way valves may
in turn be utilized to create an alternative embodiment of a
large-scale integrated microfluidic storage device utilizing
movement of fluid in the vertical, as well as horizontal direc-
tions.

[0258] As shown in FIG. 34A, one way valve 3400 is
formed from upper elastomer layer 3401 overlying middle
elastomer layer 3402 that in turn overlies lower elastomer
layer 3404. Lower elastomer layer 3404 defines first via open-
ing 3406. Middle elastomer layer 3402 comprises a flexible
membrane portion 34024 integral on only side 34025 with the
surrounding elastomer material of middle layer 3402. Mem-
brane portion 34024 of middle elastomer layer 3402 overlies
the entirety of first via opening 3406, with edge 3402¢ of
membrane portion 3402 resting on seat portion 3404a of
lower elastomer layer 3404. Upper elastomer layer 3401
defines second via opening 3408 horizontally offset from the
location of first via opening 3406.

[0259] As shown in FIG. 34B, fluid may freely flow
through one-way valve 3400 in the upward direction. Specifi-
cally, a pressurized fluid will move through first via opening
3406 and unseat flexible membrane portion 3402a, deflecting
it into the overlying second via opening 3408 and allowing
pressurized fluid to enter second via opening 3408 and upper
elastomer layer 3401.

[0260] By contrast, as shown in FIG. 34C, fluid may not
flow through one-way valve 3400 in the downward direction.
Specifically, a pressurized fluid attempting to move through
second via opening 3408 will encounter seated membrane
portion 3402a. Membrane portion 3402a will remain seated,
and valve 3400 closed, until such time as the pressure of fluid
in the underlying first via opening 3406 exceeds the pressure
in second via opening 3408.

[0261] While the specific embodiment of a one-way valve
shown in FIGS. 34A-C is fabricated utilizing three distinct
elastomer layers, this is not required. It may be possible to
fabricate this structure from only two elastomer layers, form-
ing the membrane portion and the top layer utilizing a single
mold.

[0262] And while the specific embodiment of a one-way
valve shown in FIGS. 34A-C allow passage of fluid in the
upward direction, alternative embodiments may allow pas-
sage of fluid in the downward direction only. Such a valve
structure may be fabricated by reversing the orientation of the
one-way valves.

[0263] One-way valves in accordance with embodiments
of the present invention may be utilized to fabricate display
devices. FIGS. 35A-D are simplified cross-sectional views
illustrating one embodiment of such a pixel structure.
[0264] As shown in FIG. 35A, pixel 3500 comprises first
flow channel 3502 formed in lowermost clastomer layer
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3504. Second flow channel 3506, orthogonal to first flow
channel 3502, is formed in uppermost elastomer layer 3508.
First one-way valve 3510, chamber 3512, and second one
way valve 3514, are formed in elastomer layers 3516 inter-
vening between layers 3504 and 3508.

[0265] Operation of display pixel 3500 is summarized in
FIGS. 35B-D. In FIG. 35B, colored fluid 3518 from first flow
channel 3502 is introduced under pressure through first one-
way valve 3510 into chamber 3512. Pixel 3500 has now been
charged with a colored dye.

[0266] This pixel charging may be performed nonselec-
tively by applying a higher pressure to first flow channel 3502
than is present in any of the second flow channels. Alterna-
tively, this pixel charging may be performed selectively by
also utilizing a multiplexor in communication with the sec-
ond flow channels, to create the necessary pressure differen-
tial between the first and only select second flow channels.
[0267] In FIG. 35C, the colored fluid is purged from first
flow channel 3502 while maintaining second flow channel
3506 at a higher pressure, thereby maintaining first one-way
valve 3510 closed.

[0268] As shown in FIG. 35D, the color of pixel 3500 may
be changed by lessening the pressure in second flow channel
3506 and flowing a colorless fluid through first flow channel
3502, first one-way valve 3510, chamber 3512, second one-
way valve 3514, and ultimately second flow channel 3506.
[0269] FIG. 36 shows a plan view of a display device com-
prising an entire array of pixels as described in FIGS. 35A-D.
Specifically, flow of fluid from inlet 3550 through parallel
lowermost flow channels 3502 is governed by first multi-
plexor 3600. The pressure and flow of fluid from inlet 3551
through parallel uppermost flow channels 3506 in the parallel
uppermost flow channel is governed by second and third
multiplexors 3602 and 3604.

[0270] 5. Large Scale Integrated Comparator Structure
[0271] While the memory array structure previously
described above represents an important advance over exist-
ing microfluidic structures, it does not allow for two different
materials to be separately introduced and then mixed in a
particular chamber. This functionality, however, is provided
in a second chip microfabricated with large scale integration
technology which is analogous to an array of 256 compara-
tors. Specifically, a second device containing 2056 microv-
alves was designed which is capable of performing more
complex fluidic manipulations.

[0272] FIG. 30A shows an optical micrograph of a microf-
luidic comparator chip 3000. The various inputs have been
loaded with colored food dyes to visualize the channels and
sub-elements of'the fluidic logic. FIG. 30B shows a simplified
schematic plan view of one portion of the chip of FIG. 30A.

[0273] Comparator chip 3000 is formed from a pair of
parallel, serpentine flow channels 3002 and 3004 having
inlets 3002a and 3004a respectively, and having outlets
30025 and 30045 respectively, that are intersected at various
points by branched horizontal rows of flow channels 3006.
Portions of the horizontal flow channels located between the
serpentine flow channels define mixing locations 3010.
[0274] A first barrier control line 3012 overlying the center
of the connecting channels is actuable to create adjacent
chambers, and is deactivable to allow the contents of the
adjacent chambers to mix. A second barrier control line 3014
doubles back over either end of the adjacent chambers to
isolate them from the rest of the horizontal flow channels.
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[0275] One end 3006a of the connecting horizontal flow
channel 3006 is in fluid communication with pressure source
3016, and the other end 30065 of the connecting horizontal
flow channel 3006 is in fluid communication with a sample
collection output 3018 through multiplexor 3020.

[0276] FIGS. 30C-H show simplified enlarged plan views
of operation of one mixing element of the structure of FIGS.
30A-B. FIG. 30C shows the mixing element prior to loading,
with the mixer barrier control line and wrap-around barrier
control line unpressurized. FIG. 30D shows pressurization of
the wrap-around barrier control line and barrier mixer line to
activate isolation valves and separation valve to define adja-
cent chambers 3050 and 3052. FIG. 30E shows loading of the
chambers with a first component and a second component by
flowing these materials down the respective flow channels.
FIG. 30F shows pressurization of the vertical compartmen-
talization control line 3025 and the isolation to define the
adjacent chambers.

[0277] FIG. 30G shows depressurization of the mixing bar-
rier control channel to deactivate the separation barrier valve,
thereby allowing the different components present in the
adjacent chambers to mix freely.

[0278] FIG. 30H shows the deactivation of barrier the iso-
lation control line, causing deactivation of the isolation
valves, followed by application of pressure to the control line
and deactivation of the multiplexor to allow the combined
mixture to be recovered.

[0279] Inthecase of the device shownin FIGS. 30A-H, two
different reagents can be separately loaded, mixed pair wise,
and selectively recovered, making it possible to perform dis-
tinct assays in 256 sub-nanoliter reaction chambers and then
recover a particularly interesting reagent. The microchannel
layout consists of four central columns in the flow layer
consisting of 64 chambers per column, with each chamber
containing ~750 uL. of liquid after compartmentalization and
mixing. Liquid is loaded into these columns through two
separate inputs under low external pressure (~20 kPa), filling
up the array in a serpentine fashion. Barrier valves on the
control layer function to isolate the sample fluids from each
other and from channel networks on the flow layer used to
recover the contents of each individual chamber. These net-
works function under the control of a multiplexor and several
other control valves.

[0280] The control channels are first dead end filled with
water prior to actuation with pneumatic pressure; the com-
pressed air at the ends of the channels is forced into the bulk
porous silicone. This procedure eliminates gas transfer into
the flow layer upon valve actuation, as well as evaporation of
the liquid contained in the flow layer. The elastomeric valves
are analogous to electronic switches, serving as high imped-
ance barriers for fluidic trafficking.

[0281] To demonstrate the device plumbing, the fluid input
lines were filled with two dyes to illustrate the process of
loading, compartmentalization, mixing and purging of the
contents of a single chamber within a column.

[0282] FIGS. 31A-D show a set of optical micrographs
showing a portion of the comparator in action. A subset of the
chambers in a single column is being imaged. Elastomeric
microvalves enable each of the 256 chamber on the chip to be
independently compartmentalized, mixed pairwise, and
selectively purged with the blue and yellow solutions. Each of
the 256 chambers on the chip can be individually addressed
and its respective contents recovered for future analysis using
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only 18 connections to the outside world, illustrating the
integrated nature of the microfluidic circuit.

[0283] The large scale integrated microfluidic device of
FIG. 30A of FIG. 30 was used as a microfluidic comparator to
test for the expression of a particular enzyme. A population of
bacteria is loaded into the device, and a fluorogenic substrate
system provides an amplified output signal in the form of a
fluorescent product. An electronic comparator circuit is
designed to provide a large output signal when the input
signal exceeds a reference threshold value. An op amp ampli-
fies the input signal relative to the reference, forcing it to be
high or low. In the microfluidic comparator structure illus-
trated in FIG. 30A, the non-fluorescent resorufin derivative,
Amplex Red, functions as the reference signal. The input
signal consists of a suspension of E. coli expressing recom-
binant cytochrome ¢ peroxidase (CCP); the enzyme serves as
a chemical amplifier in the circuit.

[0284] FIG. 32A shows a schematic diagram of the microf-
luidic comparator logic using and enzyme and fluorogenic
substrate. When a input signal chamber contains cells
expressing the enzyme CCP, non-fluorescent Amplex Red is
converted to the fluorescent product, resorufin. In the absence
of CCP, the output signal remains low.

[0285] The cells and substrate are loaded into separate
input channels with the central mixing barrier closed in each
column and compartmentalized exactly like the procedure
illustrated for the blue and orange dyes. The cell dilution
(1:1000 of confluent culture) creates a median distribution of
~0.2 cells/compartment, verified by fluorescent microscopy.
[0286] The barrier between the substrate and cell sub-com-
partments is opened for a few minutes to allow substrate to
diffuse into the compartments containing the cell mixture.
The barrier is then closed to reduce the reaction volume and
improve the signal/noise for the reaction.

[0287] Afteraone hourincubationat room temperature, the
chip is scanned (hex,=532 nm, Aem=590 DS 40) with a modi-
fied DNA microarray scanner (Axon Industries GenePix
4000B). The presence of one or more CCP expressing cells in
an individual chamber produces a strong amplified output
signal as Amplex Red is converted to the fluorescent com-
pound resorufin, while the signal in the compartments with no
cells remains low.

[0288] One example of a scanner for use in detecting sig-
nals from LSI microfluidic structure in accordance with the
present invention is the Genepix 4000B scanner manufac-
tured by Axon Instruments, Inc. of Union City Calif. The
Genepix 4000B was originally designed for DNA array chip
scanning. It has two lasers (532/635 mm) that are optimized
for Cy3/CyS5 fluorescent dyes respectively. The Genepix nor-
mally functions by scanning the bottom surface of a slide
coated with Cy3/CyS5 labeled DNA probes sitting on 3-cali-
brated sapphire mounts. There are, however, several con-
straints with this scanner that render it less than optimal as a
microfluidic chip screener. First, current microfiuidic devices
used in our experiments are bonded to a 25x25 mm Number
1 coverslip (130-170 um thick). While the laser focal plane
can be adjusted through a software interface, it can only
penetrate the cover slip to a depth of 50 um, leaving the
channels slightly out of focus. However, the resolution
obtained is still sufficient for fluorescence measurements
within the channel.

[0289] A second option being explored is removing the
microfluidic chip of the calibrated mounts and seating it in the
back ofthe slide holder. This position places the chip closer to
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the lens, placing it within the aforementioned software-con-
trolled focal plane range. The disadvantage of this method is
that the chip is slightly off normal relative to the laser beams,
resulting in an artificial intensity gradient across the chip.
This gradient can be compensated for during analysis.
Another sub-optimal characteristic of the Genepix scanners is
its lack of hardware to stabilize the microfiuidic chips when
they are connected to several tubing lines. This effect can be
successfully compensated for through the addition of weight
to the top of the chip. The weight should be non-reflective to
prevent scattering of the laser beams that may create artificial
noise during the scanning process.

[0290] The effect of the hardware focal setting was deter-
mined by placing the chip of FIG. 30A filled with Amplex
Red solution (neg. control, ~100 uM in the back of the slide
holder with a No. 1 cover slip as a spacer. The chip was
weighted down and fluorescence was measured consecu-
tively in the same spot with varying focal settings. Readings
were taken twice to assess any effect bleaching or light acti-
vation of the substrate may have had. Results indicate that
fluorescence measurements are somewhat consistent in a
range of +15 um from optimal focus and then decay rapidly.
[0291] FIG. 32B shows a scanned fluorescence image of
the chip in comparator mode. The left half of column is a
dilute solution of CCP expressing E. coli in sterile PBS (137
mM NaCl, 2.68 mM KCI, 10.1 mM Na2HP04, 1.76 mM
KH2P04, pH 7.4) after mixing reaction with Amplex Red.
Arrows indicate chambers containing single cells. Chambers
without cells show low fluorescence. The converted product
(resorufin) is clearly visible as green signal. Right half of
column is uncatalyzed Amplex Red substrate. To verify that
the output signal is a function of CCP activity, a similar
experiment was performed using a heterogeneous mixture of
E. coli expressing either CCP or enhanced green fluorescent
protein (eGFP). The amplified output signal was only depen-
dent on the number of CCP-expressing cells in an individual
chamber.

[0292] FIG. 32C shows a uHTS comparator and the effect
of heterogeneous mixture of eGFP expressing control cells
and CCP expressing cells on output signal. The resorufin
fluorescence measurement (Aex=532 nm, Aem=590 nm) was
made in individual comparator chambers containing £. coli
cells expressing either eGFP or CCP. There is a strong
increase in signal only when CCP expressing cells are
present, with little effect on the signal from eGFP expressing
cells. The vertical axis is relative fluorescence units (RFU);
error bars represent one standard deviation from the median
RFU.

[0293] Recovery from the chip can be accomplished by
selecting a single chamber, and then purging the contents of a
chamber to a collection output. Each column in the chip has a
separate output, enabling a chamber from each column to be
collected without cross-contamination.

[0294] To illustrate the efficacy of the collection process, a
dilute phosphate buffered saline (PBS) solution of E. cofi
expressing GFP was injected into the chip. After compart-
mentalization approximately every 2nd chamber contained a
bacterium. Using an inverted light microscope (Olympus
1X50) equipped with a mercury lamp and GFP filter set,
single GFP cells were identified with a 20x objective and their
respective chambers were purged.

[0295] The purged cells were collected from the outputs
using polyetheretherketone (PEEK) tubing, which has low
cell adhesion properties. Isolations of single GFP-expressing
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bacteria were confirmed by the visualization of the collected
liquid samples under a 40x oil immersion lens using the
fluorescence filter set and by observations of single colony
growth on Luria-Bertani broth (LB) plates inoculated with the
recovered bacteria. Since it has been shown that single mol-
ecules of DNA can be effectively manipulated in elastomeric
microfluidic devices, it is possible that in future applications
individual molecules or molecular clusters will be selected or
manipulated in this fashion.

[0296] The performance of an electronic comparator is not
ideal. For example, there is a finite noise floor, there are
absolute voltage and current limitations, there are leakage
currents at the inputs, and so forth. Some of these limits result
from intrinsic properties of the materials used for the devices,
while others depend on either fabrication tolerances or design
limitations. The performance of integrated fluidic circuits
suffers from similar imperfections.

[0297]

[0298] The storage array and comparator microfluidic
devices shown in FIGS. 29A and 30A respectively, were
fabricated with multilayer soft lithography techniques using
two distinct layers. The “control” layer, which harbors all
channels required to actuate the valves, is situated on top of
the “flow” layer, which contains the network of channels
being controlled. A valve is created where a control channel
crosses a flow channel. The resulting thin membrane in the
junction between the two channels can be deflected by
hydraulic or pneumatic actuation. All biological assays and
fluid manipulations are performed on the “flow” layer.

[0299] Master molds for the microfluidic channels were
made by spin-coating positive photoresist (Shipley SJR 5740)
on silicon 9 um high and patterning them with high resolution
(3386 dpi) transparency masks. The channels on the photo-
resist molds were rounded at 120° C. for 20 minutes to create
a geometry that allows full valve closure.

[0300] The devices were fabricated by bonding together
two layers of two-part cure silicone (Dow Corning Sylgard
184) cast from the photoresist molds. The bottom layer of the
device, containing the “flow” channels, is spin-coated with
20:1 part A:B Sylgard at 2500 rpm for 1 minute. The resulting
silicone layer is ~30 pm thick. The top layer of the device,
containing the “control” channels, is cast as a thick layer
(~0.5 cm thick) using 5:1 part A:B Sylgard using a separate
mold. The two layers are initially cured for 30 minutes at 80°
C

[0301] Control channel interconnect holes are then
punched through the thick layer (released from the mold),
after which it is sealed, channel side down, on the thin layer,
aligning the respective channel networks. Bonding between
the assembled layers is accomplished by curing the devices
for an additional 45-60 minutes at 80° C. The resulting mul-
tilayer devices are cut to size and mounted on RCA cleaned
No. 1, 25 mm square glass coverslips, or onto coverslips spin
coated with 5:1 part A:B Sylgard at 5000 rpm and cured at 80°
C. for 30 minutes, followed by incubation at 80° C. overnight.
[0302] Simultaneous addressing of multiple non-contigu-
ous flow channels is accomplished by fabricating control
channels of varying width while keeping the dimension ofthe
flow channel fixed (100 um wide and 9 pm high). The pneu-
matic pressure in the control channels required to close the
flow channels scales with the width of the control channel,
making it simple to actuate 100 umx100 pm valves at rela-

6. Fabrication Techniques



US 2010/0154890 Al

tively low pressures (~40 kPa) without closing off the 50
umx100 pwm crossover regions, which have a higher actuation
threshold.

[0303] Introduction of fluid into these devices is accom-
plished through steel pins inserted into holes punched
through the silicone. Unlike micromachined devices made
out of hard materials with a high Young’s modulus, silicone is
soft and forms a tight seal around the input pins, readily
accepting pressures of up to 300 kPa without leakage. Com-
puter-controlled external solenoid valves allow actuation of
multiplexors, which in turn allow complex addressing of a
large number of microvalves.

[0304] Fluidic circuits fabricated from PDMS will not be
compatible with all organic solvents—in particular, flow of a
nonpolar solvent may be affected. This issue can be addressed
by the use of chemically resistant elastomers. Surface effects
due to non-specific adhesion of molecules to the channel
walls may be minimized by either passive or chemical modi-
fications to the PDMS surface.

[0305] Cross contamination in microfluidic circuits is
analogous to leakage currents in an electronic circuit, and is a
complex phenomenon. A certain amount of contamination
will occur due to diffusion of small molecules through the
elastomer itself. This effect is not an impediment with the
organic dyes and other small molecules used in the examples
in this work, but at some level and performance requirement
it may become limiting.

[0306] Cross-contamination is also a design issue whose
effects can be mitigated by the design of any particular circuit.
In the 256 well comparator chip, compensation scheme was
introduced by which each of the four columns has a separate
output in order to prevent cross contamination during the
recovery operation. As fluidic circuit complexity increases,
similar design rules will evolve in order to obtain high per-
formance despite the limitations of the particular material and
fabrication technology being used.

[0307] The computational power of the memory and com-
parator chips is derived from the ability to integrate and
control many fluidic elements on a single chip. For example,
the multiplexor component allows specific addressing of an
exponentially large number of independent chambers. This
permits selective manipulation or recovery of individual
samples, an important requirement for high throughput
screening and other enrichment applications. It may also be a
useful tool for chemical applications involving combinatorial
synthesis, where the number of products also grows exponen-
tially.

[0308] 7. Segmentation Applications

[0309] Another example of computational power is the
ability to segment a complex or heterogeneous sample into
manageable subsamples, which can be analyzed indepen-
dently as shown in the comparator chip. For example, a large
scale integrated microfluidic device such as is shown in FIG.
30A could be utilized to isolate desired component of a het-
erogeneous mixture. In a first step, the heterogeneous sample
could be flowed down one of the serpentine flow channels,
with the heterogeneous mixture sufficiently diluted to ensure
the presence of no more than one soluble entity between the
vertical compartmentalization valves. The flow would then be
halted, and the vertical compartmentalization valves actuated
to create isolated segments in the serpentine flow channel.
Where interrogation/inspection of the various segments indi-
cates the presence of a desired entity within a particular
segment, that segment could be purged and the output col-
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lected. In the embodiment just described, it is important to
note that only one flow channel is utilized, with the other
remaining empty or filled with buffer to allow collection of
the desired entity absent cross-contamination.

[0310] Heterogeneous mixtures susceptible to assaying uti-
lizing large scale integrated microfluidic structures in accor-
dance with embodiments of the present invention can gener-
ally be subdivided into two categories. A first category of
heterogeneous mixtures comprises particles or molecules. A
listing of such particles includes but is not limited to prokary-
otic cells, eukaryotic cells, phages/viruses, and beads or other
non-biological particles.

[0311] One example of such a mixture of particles for
assaying is a heterogeneous mixture of bacteria, each harbor-
ing a plasmid containing a specific DNA sequence including
a gene, a segment of a gene, or some other sequence of
interest. The assay could select for the bacteria containing the
desired DNA sequence, for example by identifying bacteria
harboring the gene encoding a particular enzyme or protein
that results in the desired traits.

[0312] Another example of a particle mixture for assaying
by LSI microfluidic structures in accordance with the present
invention comprises a heterogeneous mixture of eukaryotic
cells. The assay performed on such a mixture could select a
hybridoma cell that expresses a specific antibody.

[0313] Still another example of a particle mixture for assay-
ing by LSI microfluidic structures in accordance with the
present invention comprises a heterogeneous mixture of
phages displaying recombinant protein on their surface. The
assay performed on such a mixture could select for the phage
that displays the protein with the desired traits.

[0314] Yet another example of a particle mixture for assay-
ing by LSI microfluidic structures in accordance with the
present invention comprises a heterogeneous mixture of
beads, each coated with a single molecule type such as a
particular protein, nucleic acid, peptide, or organic molecule.
The assay performed on such a mixture could select the bead
that is coated with the molecule with the wanted trait.
[0315] Large scale integrated microfluidic structures in
accordance with embodiments of the present invention can
also be utilized to perform assays on heterogenous mixtures
of molecules. DNA lends itself to such an approach, due to its
inherent capability for amplification utilizing the polymerase
chain reaction (PCR) technique. Once amplified, downstream
methods may be applied to the DNA, such as in vitro tran-
scription/translation of the amplified template molecule.
[0316] One example of such a mixture of molecules for
assaying is a heterogeneous mixture of linear or circular
templates containing either different genes or clones of the
same gene. Following amplification and in vitro transcrip-
tion/translation, the assay could select for the template whose
product (protein) exhibiting desired trait(s).

[0317] Another example of a molecular mixture for assay-
ing by LSI microfluidic structures in accordance with the
present invention comprises a heterogeneous mixture of lin-
ear or circular templates of simply various sequences. The
assay could select for the template whose amplified product
(DNA) exhibits the desired trait.

[0318] Yet another example of a molecular mixture for
assaying by LSI microfluidic structures in accordance with
the present invention comprises cDNA. An assay could be
performed which selects the cDNA clone whose amplified
(DNA) or final product (protein/peptide) has the desired
traits.



US 2010/0154890 Al

[0319] Another example of a molecular mixture for assay-
ing by LSI microfluidic structures in accordance with the
present invention comprises a mixture of mRNA. The assay
could select the mRNA template whose product (DNA or
protein) exhibits the desired trait.

[0320] Another example of a molecular mixture for assay-
ing by LSI microfluidic structures in accordance with the
present invention comprises genomic DNA. The assay could
select the genome or chromosome that exhibits the desired
trait, i.e. shows an amplicon of a certain size and/or sequence.
[0321] Large scale integrated microfluidic structures in
accordance with embodiments of the present invention could
also be utilized to perform assays on molecular mixtures
comprising other than nucleic acids. For example, molecular
mixtures of proteins such as enzymes could be assayed, as
these molecules would yield a signal amplification due to
turnover of a substrate. The assay could select for the mol-
ecule with the desired activity and/or specificity.

[0322] The following techniques may be employed to
detect the particle or molecule being separated out utilizing a
LSImicrofluidic structure in accordance with an embodiment
of the present invention. Beads, Prokaryotic, and Eukaryotic
cells may be detected by either light microscopy or fluores-
cence. Very small samples such as phages/viruses, non-am-
plified DNA, protein, and peptides may be detectable utiliz-
ing fluorescence techniques. Moreover, the use of micro-
electro mechanical (MEMS) techniques may enable the
fluorescence of even single molecules to be detected.

[0323] A number of assays may be utilized to detect a
specific trait of an entity being separated utilizing an LSI
microfluidic device in accordance with the present invention.
For example, various binding assays may be utilized to detect
all combinations between DNA, proteins, and peptides (i.e.
protein-protein, DNA-protein, DNA-DNA, protein-peptide
etc.). Examples of binding assays include but are not limited
to ELISA, FRET, and autoradiography.

[0324] Various functional assays may be utilized to detect
chemical changes in a target. Examples of such changes
detectable by functional assays include but are not limited to,
1) enzymatic turnover of a non-fluorescent substrate to a
fluorescent one, 2) enzymatic turnover of a non-chromagenic
substrate to a chromagenic one, or from one color to another,
3) enzymatic turnover generating a chemilumiscent signal,
and 4) autoradiography.

[0325] Homogeneous solutions of various substances may
be screened against one another through diffusive mixing. A
number of applications are susceptible to these types of
assays. One example of such an application is screening
c¢DNA library clones that have been separated for the pres-
ence of a specific DNA sequence (i.e. gene) or function.
Another example of such an application is screening of
chemical libraries including but not limited to peptide librar-
ies, organic molecule libraries, oligomer libraries, and small
molecules such as salt solutions. The chemical libraries may
be screened for specific functions such as interference with an
enzymatic reaction, disrupting specific binding, specific
binding, ability to cause crystallization of proteins (small
molecule/salt solutions), ability to serve as a substrate.
[0326] Other segmentation applications call for subdivid-
ing a homogeneous sample into aliquots that can be analyzed
separately with independent chemical methods. For example,
a large scale integrated microfluidic device such as is shown
in FIG. 30 could be utilized to screen these individual entities
of a homogenous mixture by exposure to many different
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reactants. In a first step, the homogenous sample could be
flowed through an elongated flow channels. The flow would
then be halted, and the vertical compartmentalization valves
actuated to create reaction chamber segments isolated from
each other. Next, a variety of chemical species differing from
each other in identity or concentration could be flowed
through a respective flow channel to each of the segments, and
then mixed by deactuation of an intervening barrier valve.
Observation of a resulting change in the mixture could reveal
information about the homogeneous entity.

[0327] In a homogeneous segmentation application, it is
possible to perform a 1*m screen, i.e. screen one homoge-
neous solution against 256 others in the structure of FIG. 30A.
First, the solution to be assayed is loaded 256 times separate
times into the sample input. Next, the chambers are compart-
mentalized using the sandwich barrier.

[0328] Now it is possible to dead end load a different solu-
tion into the chambers of the substrate serpentine using the
multiplexers. In order to avoid problems with cross contami-
nation and purging and cross contamination, the sandwich
barrier could be decoupled into two separate valves, one valve
compartmentalizing only the substrate serpentine, and a sec-
ond valve compartmentalizing the sample serpentine.

[0329] By closing both sandwich barriers to compartmen-
talize both the substrate and sample serpentines, a different
solution may be introduced into each of the 256 rows using
the multiplexer for fluidic routing. For this purpose, the
sample collection ports may be advantageously used fluid
introduction instead of the purge input.

[0330] Once each of the 256 rows contains a separate
homogenous solution, all the barrier valves and the mixing
barrier may be closed. This loading is followed by purging
either the substrate serpentine or sample serpentine with the
solution to be assayed. Decoupling is useful during this step
by allowing the substrate serpentine to remain compartmen-
talized while new fluid may be introduced into the sample
serpentine, filling the 256 adjacent chambers with a new
homogeneous fluid. By opening the mixing barrier, 256
experiments may be performed by diffusive mixing.

[0331] In summary, the devices previously described illus-
trate that complex fluidic circuits with nearly arbitrary com-
plexity can be fabricated using microfluidic LSI. The rapid,
simple fabrication procedure combined with the powerful
valve multiplexing can be used to design chips for many
applications, ranging from high throughput screening appli-
cations to the design of new liquid display technology. Scal-
ability of the process makes it possible to design robust
microfluidic devices with even higher densities of functional
valve elements.

[0332] While the present invention has been described
herein with reference to particular embodiments thereof, a
latitude of modification, various changes and substitutions
are intended in the foregoing disclosure, and it will be appre-
ciated that in some instances some features of the invention
will be employed without a corresponding use of other fea-
tures without departing from the scope of the invention as set
forth. Therefore, many modifications may be made to adapt a
particular situation or material to the teachings of the inven-
tion without departing from the essential scope and spirit of
the present invention. It is intended that the invention not be
limited to the particular embodiment disclosed as the best
mode contemplated for carrying out this invention, but that
the invention will include all embodiments and equivalents
falling within the scope of the claims.
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1-36. (canceled)
37. A method of isolating elements of heterogeneous
sample, the method comprising:
flowing a sample comprising heterogeneous eclements
down a first elongated microfiuidic flow channel;

actuating a first valve overlying the first elongated flow
channel to define first and second segments, such that the
first segment contains a first element of the heteroge-
neous sample and the second segment contains a second
element of the heterogeneous sample.

38. The method of claim 37 further comprising diluting the
heterogeneous sample to ensure that only one element of the
sample is present in the first and second segments.

39. The method of claim 37 further comprising delivering
a reactant to the first segment to react with the first element of
the heterogeneous sample.

40. The method of claim 39 further comprising delivering
the reactant to the second segment to react with the second
element of the heterogeneous sample.

41. The method of claim 37 further comprising recovering
the combined reactant and first sample element.

42. A microfluidic device comprising:

a selectively-addressable storage location defined within

elastomer material;

a first flow channel in selective fluid communication with

the storage location through a valve; and

a second flow channel in selective fluid communication

with the storage location through a second valve.

43. The microfluidic device of claim 42, wherein the first
and second flow channels are coplanar with the storage loca-
tion.

44. The microfluidic device of claim 43, wherein:

the storage location is defined by an intersection between a

third and a fourth flow channel; and

the second flow channel comprises a bus line parallel to the

third flow channel.

45. The microfluidic device of claim 42, wherein the first
and second flow channels are in fluid communication with the
storage location through a vertical via.

46. The microfluidic device of claim 45 wherein:

the first flow channel is in fluid communication with the

storage location through a first one-way valve; and
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the storage location is in fluid communication with the
second flow channel through a second one-way valve.

47. The microfiuidic device of claim 46 further compris-
ing:

a first control channel network adjacent to the first flow
channel to define a first multiplexor configured to con-
trol pressure within the first flow channel; and

a second control channel network adjacent to the second
flow channel to define a second multiplexor configured
to control pressure within the second flow channel.

48. A method for selectively storing and recovering a mate-
rial in a microfluidic device, the method comprising:

providing a chamber defined within an elastomer material;

selectively flowing a material into the chamber through a
first valve in a first flow channel; and

selectively flowing the material from the chamber through
a second valve in a second flow channel.

49. The method of claim 48 wherein:

the material is flowed into the chamber through the first
flow channel disposed on the same plane as the chamber;
and

the material is flowed from the chamber through the second
flow channel disposed on the same plane as the chamber
and the first flow channel.

50. The method of claim 48 wherein:

the material is flowed into the chamber through the first
flow channel disposed one of beneath or above the
chamber; and

the material is flowed from the chamber through the second
flow channel disposed on the other of beneath or above
the chamber and the first flow channel.

51. The method of claim 50 wherein:

the material is flowed into the chamber through a first
one-way valve; and

the material is flowed from the chamber through a second
one-way valve.

52. The method of claim 48 wherein the material comprises
an optically absorbing material, such that the microfluidic
device functions as a display.

53. The method of claim 48 wherein the material comprises
acell, such that the microfluidic device functions as a cell pen.
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