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INSTRUMENT WITH MICROFLUIDIC CHIP

CROSS-REFERENCE

[0001] This application claims the benefit of the filing date of the following U.S. Provisional Patent
Applications: 61/204,179, filed December 31, 2008; 61/205,534, filed January 20, 2009; 61/162,080, filed
March 20, 2009; and 61/227,382, filed July 21, 2009.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with the support of the United States Government under Grant number
SRO1HG003583-04 by National Institutes of Health. The Government may have rights in this invention.

BACKGROUND OF THE INVENTION

[0003] A variety of microfluidic devices of disparate design have been developed in the past often with the
goal of reducing sample volume requirements in bioanalytical methods, integrating multiple steps into
automated processes, integrating sample preparation and analysis, and connecting to the full volume world of

samples and procedures.

[0004] In the absence of standards controlling external dimensional form factors, the nature of the upstream
and downstream external interface, and the length, cross-sectional geometry, and diametef of the internal
microfluidic pathways, such microfluidic devices often proved incompatible with one another and with existing
upstream purification and downstream analytical devices. Despite advances in microfabrication, the
processing, reaction, and sample size requirements for many biochemical and chemical reactions have served
as obstacles for the creation of microfluidic devices useful in many fields, including nucleic acid sequencing.
Thus, there is a need in the art for microfluidic devices that are suitable for use in the processing and recovery

of biochemical and chemical reactions for subsequent analyses in these fields.

SUMMARY OF THE INVENTION

[0005] In one aspect, this invention provides a microfluidic device comprising: (a) a fluidics layer comprising
fluidic channels; (b) a pneumatics layer comprising pneumatic channels; and (c) an actuation layer sandwiched
between the fluidics layer and the pneumatic layer, wherein the device comprises at least one diaphragm valve
comprised in the sandwich, wherein activation of the valve regulates fluid flow in a fluidics channel, and
wherein the device further comprises an isolated portion of the fluidics layer that comprises microfluidic
channels and that is not covered by the pneumatics layer and, optionally, the actuation layer. In one
embodiment, the fluidic layers of the device comprise internal channels and the isolated portion is not covered
by the actuation layer. In one embodiment, the fluidics layer comprises grooves in a surface of the layer that
function as fluidic channels and in the isolated portion the grooves are covered by the actuation layer or a layer
of another material. In another embodiment, the isolated portion of the microfluidic device forms a shelf that
extends beyond an edge of the sandwich. In one embodiment, the fluidic channels in the isolated portion of the
microfluidic device comprise a plurality of curves. In another embodiment, the fluidic channels in the isolated

area of the microfluidic device form a serpentine shape. In one embodiment, the fluidic channels within the
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isolated portion of the fluidic layer of the microfluidic device have an aspect ratio of height to width of up to or

less than 0.2, 0.5, 0.75, 1, or 2. In another embodiment, the isolated portion of the fluidics layer of the

microfluidic device is between about 2 and about 1/100 of the area of the entire fluidics layer.

[0006] In one embodiment, the fluidics layer of the microfluidic device is comprised of glass. In another

embodiment, the actuation layer of the microfluidic device comprises PDMS.

[0007] In another embodiment, the fluid flow in a plurality of the fluidics channels of the microfluidic device
is regulated by a single pneumatics channel. In yet another embodiment, the microfluidic device comprises a

plurality of fluidic circuits.

[0008] In another embodiment, the microfluidic device further comprises a heat spreader in thermal contact
with the isolated portion. In another embodiment, the isolated portion of the microfluidic device is in thermal
contact with a thermal regulator. In one embodiment, the thermal regulator comprises one or more resistive
wires. In another embodiment, a first surface of the isolated portion of the microfluidic device is in thermal
contact with a first thermal regulator and a second surface opposing the first surface is in thermal contact with a
second thermal regulator. In another embodiment, a first surface of the isolated portion of the microfluidic
device is in thermal contact with a first thermal regulator and a second surface is in thermal contact with an

insulator.

[0009] In another aspect, the invention provides a microfluidic device comprising: (a) a fluidics layer
comprising fluidic channels; and (b) an actuation layer in contact with a portion of the fluidics layer, wherein
the actuation layer regulates fluid flow in the fluidics channels, and wherein the fluidics layer comprises a

portion that is not in contact with the actuation layer and that comprises microfluidics channels.

[0010] In another aspect, the invention provides a microfluidic device comprising: first, second, and third
glass layers, and an elastomeric layer, wherein: (a) the first glass layer is interfaced with the second glass layer
and the first and second glass layers form one or more fluidic channels; (b) the elastomeric layer is positioned
between the second and third glass layers and the second glass layer and elastomeric layer form one or more
chambers that are in fluid communication with the one or more fluidic channels; and (c) the elastomeric layer
and the third glass layer form one or more pneumatic channels, and further wherein a first portion of the first
and second glass layers are isolated from the elastomeric layer and the third glass layer. In one embodiment,
the isolated portion of the microfluidic device extends beyond the edge of the elastomeric layer and the third
glass layer to form a shelf. In another embodiment, the one or more chambers of the microfluidic device have
adjustable volume. In another embodiment, the one or more chambers of the microfluidic device comprise
valves. In one embodiment, the third glass layer of the microfluidic device does not extend beyond the
elastomeric layer. In another embodiment, a portion of the first glass layer of the microfluidic device extends
beyond the elastomeric layer. In yet another embodiment, the portion of the first glass layer of the microfluidic
device that extends beyond the elastomeric layer is in thermal contact with a thermal regulator. In one

embodiment, the one or more fluidic channels of the microfluidic device form serpentine channels.
[0011] Another aspect of the invention provides a method for regulating temperature of a fluid in a
microfluidic channel comprising:(a) providing a microfluidic device comprising a fluidics layer comprising

fluidic channels; a pneumatics layer comprising pneumatic channels; and an actuation layer sandwiched
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between the fluidics layer and the pneumatic layer, wherein the device comprises at least one diaphragm valve

comprised in the sandwich, wherein activation of the valve regulates fluid flow in a fluidics channel, and
wherein the device further comprises an isolated portion of the fluidics layer that comprises microfluidic
channels and that is not covered by the pneumatics layer and, optionally, the actuation layer; (b) moving liquid
into a segment of a fluidic channel in the isolated portion; and (c) regulating the temperature of the liquid while
in the fluidic channel in the isolated portion. In one embodiment, the method for regulating temperature of a

fluid in a microfluidic channel comprises cycling the temperature of the liquid.

[0012] Another aspect of the invention provides an instrument comprising: (a) a base comprising a thermal
regulator; and (b) a microfluidic device comprising a fluidics layer comprising fluidic channels; a pneumatics
layer comprising pneumatic channels; and an actuation layer sandwiched between the fluidics layer and the
pneumatic layer, wherein the device comprises at least one diaphragm valve comprised in the sandwich,
wherein activation of the valve regulates fluid flow in a fluidics channel, and wherein the device further
comprises an isolated portion of the fluidics layer that comprises microfluidic channels and that is not covered
by the pneumatics layer and, optionally, the actuation layer; engaged with the base so that the isolated portion
of the fluidics layer is in thermal contact with the thermal regulator. In one embodiment, the thermal regulator
of the instrument comprises at least one resistive wire connected to a voltage source. In one embodiment, the
resistive wire of the instrument is attached to the base through a biasing element that maintains tension on the
wire as the wire is heated. In another embodiment, the thermal control device of the instrument comprises one
or more fans directed to blow air toward or away from the isolated portion. In another embodiment, the

thermal control device of the instrument comprises a Peltier device.

[0013] Another aspect of the invention provides an instrument comprising: (a) a chip station assembly
comprising at least one station, each station configured to engage a microfluidic chip, wherein each
microfluidic chip comprises a plurality of microfluidic circuits, each circuit comprising a chamber; and (b) a
magnet moving assembly comprising: (i) a magnet for each station; and (ii) an actuator configured to move
each magnet into a functional position at a station so as to exert a magnetic force of at least 30 T?/m in each of
the chambers in the microfluidic chip when engaged with the station, and wherein the magnetic force is
substantially the same in each chamber of the plurality of microfluidic circuits. The instrument chip station
assembly of the instrument can comprise a plurality of stations. In one embodiment, the plurality of stations is
4.

[0014] In the embodiments, the magnet comprises a long dimension, an intermediate dimension and a short
dimension, wherein the long and short dimensions define a first pair of faces defining north and south magnetic
poles, and one of the first pair of faces, faces the engaged chip in the functional position to exert the magnetic
force. In one embodiment, each magnet further comprises a shield that contacts a second face of the magnet
defined by the long and intermediate dimension, wherein the shield substantially directs the magnetic force of
the magnet. In another embodiment, the shield also contacts the face of the first pair that does not face the
chip.

[0015] In another embodiment, the chip station assembly of the instrument comprises a plurality of stations,

the magnets are substantially parallel to each other and a plurality of the shields contact the second face on a
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side that faces another magnet. In one embodiment, the magnet of the instrument can be substantially

rectangular.

[0016] In one aspect of the invention, each station of the instrument is engaged with a microfluidic chip. In
one embodiment, the chambers of the microfluidic chip are diaphragm chambers. In a further embodiment, the

chambers in each chip are arranged in substantially linear fashion.

[0017] The magnet moving assembly of the instrument can comprise a magnet holder that holds the magnets

and can be moved by the actuator. In one embodiment, the actuator comprises an electric motor.

[0018] In another aspect, the invention provides a method comprising moving a magnet into a functional
position with respect to a microfluidic chip, wherein the chip a plurality of microfluidic circuits, each circuit
comprising a chamber; and magnet exerts, when in the functional position, a magnetic force of at least 30 T>/m
in each of the chambers in the chip, and wherein the magnetic force is substantially the same in each chamber
in the chip. In one embodiment, the method comprises capturing magnetically response particles in each
chamber from a fluid flowing in each circuit with the magnetic force. In a further embodiment, the chambers
are diaphragm chambers and capturing comprises increasing the volume of the chambers by deforming the
diaphragm. The method can also comprise moving the magnet out of the functional position to release the

particles.

[0019] Another aspect of the invention provides for a method for mixing a first liquid and a second liquid
comprising positioning a first bolus of the first liquid adjacent and downstream of a second bolus of the second
liquid within a channel, positioning a third bolus of a third liquid adjacent and upstream of the second bolus of
the second liquid within a channel, moving the first bolus, the second bolus, and the third bolus within the
channel in a first direction under laminar flow conditions, whereby the moving facilitates mixing of the first
liquid, the second liquid, and the third liquid, wherein one or more pneumatically actuated diaphragm pumps
are used for the positioning of the first the second bolus, and the third bolus within the channel, and wherein ‘

the first liquid and second liquid are different.

[0020] In some embodiments the first bolus and/or the second bolus have a volume that is less than about
1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3, 2, or 1 puL. The channel can have a cross-
sectional area and a length, and the cross-sectional area of the channel can increases or decrease along the
length of the channel. In one embodiment, movement of the one or more diaphragm pumps causes turbulent
flow within the pump. One or more diaphragm pumps can be used for the moving of the first and the second
bolus within the channel. In other embodiments, the first and second liquids are aqueous liquids. The one or

more diaphragm pumps can be microfluidic diaphragm pumps.

[0021] In another embodiment, the channel is a microfluidic channel. In some embodiments, the microfluidic
channel has a cross-sectional area between approximately 20 to 10,000,000 microns squared. In some

embodiments, the first liquid and the third liquid are the same.

[0022] Another aspect of the invention provides for a method for combining a first liquid and a second liquid
in a microfluidic mixing channel comprising providing a device with a first liquid channel and a second liquid
channel each fluidically connected to the microfluidic mixing channel, wherein a first diaphragm valve is

positioned within the first liquid channel, a second diaphragm valve is positioned within the second liquid

4
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channel, and third and fourth diaphragm valves are positioned within the microfluidic mixing channel; and

using the first, second, third and fourth diaphragm valves to sequentially pump the first liquid and the second
liquid into the microfluidic mixing channel to form a plurality of boluses of first liquid and second liquid,
wherein the first, third, and fourth diaphragm valves are used to pump the first liquid into the microfluidic
mixing channel and the second, third, and fourth diaphragm valves are used to pump the second liquid into the

microfluidic mixing channel, and wherein the first liquid and second liquid are different.

[0023] In some embodiments, one or more of the first, second, third, and fourth diaphragm valves are
pneumatically actuated. In other embodiments, one or more of the boluses have a volume that is less than
about 1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3,2, or 1 puL. In one embodiment, the
method can further comprise moving the plurality of boluses down the microfluidic mixing channel, whereby
an amount of interfacial area between adjacent boluses increases as the plurality of boluses move down the

microfluidic mixing channel.

[0024] In some embodiments, the microfluidic mixing channel has a cross-sectional area and a length, and the
cross-sectional area of the microfluidic mixing channel increases or decreases along the length of the
microfluidic mixing channel. In some embodiments, the opening or closing of one or more of the diaphragm
valves causes turbulent flow within the diaphragm valve. In some embodiments, the second valve is a flow-
through valve. In other embodiments, the first liquid and the second liquid move in the microfluidic mixing
channel under laminar flow conditions. In one embodiment, the plurality of boluses is mixed due to moving of
the plurality of boluses down the microfluidic mixing channel. The first liquid channel and the second liquid

channel can be microfluidic channels.

[0025] One aspect of the invention provides for a method for providing a first liquid and a second liquid to a
mixing channel comprising the steps of a) providing a device with a first liquid channel and a second liquid
channel each fluidically connected to the mixing channel, wherein a first valve is positioned within the first
liquid channel, a second valve is positioned within the second liquid channel, a pumping valve is positioned
within the mixing channel, and an exit valve is positioned downstream of the pumping valve within the mixing
channel, and wherein the first liquid and the second liquid are different; b) providing the first liquid to the first
liquid channel and the second liquid to the second liquid channel; c) configuring the valves such that the first
valve is open and the second valve, the pumping valve, and the exit valve are closed; d) opening the pumping
valve; ) configuring the valves such that the pumping valve and exit valve are open and the first valve and the
second valve are closed; f) closing the pumping valve; g) configuring the valves such that the second valve is
open and the first valve, the pumping valve and the exit valve are closed; h) opening the pumping valve; i)
configuring the valves such that the pumping valve and the exit valve are open and the first valve and the

second valve are closed; and j) closing the pumping valve.

[0026] In some embodiments, one or more of the first valve, the second valve, the pumping valve, or the exit
valve are pneumatically actuated. In other embodiments, step d) moves the first liquid and step h) moves the
second liquid. In other embodiments, the first liquid and/or the second liquid that is moved has a volume that
is less than about 1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3,2, or 1 uL. In some
embodiments, steps c) through j) are repeated. In other embodiments, the second valve is a flow-through valve

that joins the second liquid channel to the mixing channel.

5
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[0027] In some embodiments, the method further comprises moving the first and the second bolus within the

mixing channel. In some embodiments, the mixing channel has a cross-sectional area and a length, and the
cross-sectional area of the channel increases or decreases along the length of the mixing channel. In other
embodiments, the moving of the first and the second bolus occurs under laminar flow conditions. In another
embodiment, the opening or closing of one or more of the valves causes turbulent flow within the valve. In
one embodiment, the first liquid and second liquid have a combined volumetric flow rate between
approximately 0.001 pL/sec to 100 pL/sec. In other embodiments, the first liquid and second liquid are

aqueous liquids.

[0028] In another aspect, this invention provides a method of mixing fluids in a microfluidic device
comprising: a) stacking alternating boluses of a first liquid and a second liquid in a microfluidic channel; and
b) moving the stack of boluses through the channel, wherein the channel is configured so that moving the
boluses increases an area of surface contact between the boluses, promoting mixing of first and second liquids.
In one embodiment, the boluses are created using successive strokes of a diaphragm pump comprising three
diaphragm valves on the microfluidic device. In another embodiment the channel is configured for laminar

flow of liquid.

[0029] In another aspect this invention provides a method of mixing fluids in a microfluidic device
comprising: a) stacking alternating boluses of a first liquid and a second liquid in a microfluidic channel; b)
moving the stack of boluses into a chamber of a diaphragm valve, wherein the chamber, when open, has a
volume greater than the volume of at least four boluses; and c) closing the diaphragm valve, wherein closing
pumps the liquids out of the valve, thereby mixing the liquids. In one embodiment the valve pumps the fluids
into a second microfluidic channel. In certain embodiments the number of alternating boluses in the stack is at

least 4, at least 8 or at least 12.

INCORPORATION BY REFERENCE

[0030] All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication, patent, or patent application was

specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] The novel features of the invention are set forth with particularity in the appended claims. A better
understanding of the features and advantages of the present invention will be obtained by reference to the
following detailed description that sets forth illustrative embodiments, in which the principles of the invention

are utilized, and the accompanying drawings of which:

[0032] Figure 1 depicts a schematic of a microfluidic chip of this invention. Figure 1A is a side view that
shows the first microfluidics sandwich region and the second region of the extended shelf. The sandwich
region has a top layer that comprises the pneumatics channels, a second layer underneath that comprises the
deformable membrane, and two microfluidics layers. In the four-layer configuration, the microfluidics layer

has a via layer and a layer that has the microfluidics channels. It will be noted that in this configuration, the
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extended shelf is an extension of the two microfluidics layers. Figure 1B is a top view that shows the

microfluidics sandwich region, the extended shelf region, and serpentine channels.

[0033] Figure 2 illustrates a cross section of an embodiment of a MOVe valve in which a fluidic channel

opens into a chamber at the valve. This embodiment comprises an optional adhesive layer.

[0034] Figure 3A illustrates an embodiment of a single channel actuation valve or in-line valve. Fluid flow

can be blocked or reduced through the horizontal channel when the valve is closed.

[0035] Figure 3B illustrates a two channel flowthrough valve in which fluid can flow along the vertical
channel through the valve when the valve is closed and becomes connected to the horizontal channel when the

valve is opened.

[0036] Figure 4 illustrates an embodiment of a two channel MOVe valve, with Figure 4A illustrating the

channel inlets and the valve seat of the via.

[0037] Figure 4B illustrates the MOVe valve with the membrane and seat in an open position, allowing fluid
flow through the channels.

[0038] Figure 5 illustrates an embodiment of a three channel MOVe valve, with Figure 5 A illustrating the

channel inlets and the valve seat of the via.

[0039] Figure 5B illustrates the MOVe valve with the membrane and seat in an open position, allowing fluid
flow through the channels.

[0040] Figure 6 illustrates a schematic of an embodiment of a microfluidic device, including first port 70
(e-g., for reagent), second ports 80 (e.g., for sample), valves 10, flow through valves 20, pumping valves 30,
capture chamber/valve 40, serpentine channels 60 of the isolated region, valves 50 and port (e.g., exit port) 90.

[0041] Figure 7 illustrates an embodiment of a microfluidic chip device with an array of 24 individual circuits
and the extended shelf region. Chip 701 includes isolated portion of the fluidics layer 702 comprising

serpentine fluidics channels and sandwich section 703, in which the pneumatics layer and actuation layer cover
the fluidics layer. Section 703 can have a capture chamber for the capture of magnetically responsive particles,

as described herein. Also attached is a fluidics manifold 704 mated with the fluidics layer.

[0042] Figure 8 illustrates an embodiment of a fabrication chip with microfluidic chip devices. This circular

chip can be diced to provide the embodiment of Figure 7.

[0043] Figure 9 illustrates an embodiment of a thermal regulator with four temperature regulation zones, each

with two resistive thermal regulators and threaded holes for securing the microfluidic chip devices.

[0044] Figure 10 illustrates an embodiment of a thermal regulator as a cut-away bottom view showing the

cooling fans located under the temperature regulation zones.

[0045] Figure 11 illustrates an embodiment of a thermal regulator showing electrical and input/output

connections for powering and controlling the device.

[0046] Figure 12 illustrates an embodiment of an instrument of this invention. Elements include thermal

regulator (1204, resistive wires) biased with spring bias 1205, microfluidic chip comprising sandwich portion
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1202 and isolated portion (1201, extended shelf region). A fluidics manifold 1203 is mated with the chip,

which engaged with the base of the instrument with locks (1206, screws).

[0047] Figure 13 illustrates an embodiment of a MOVe valve in cross-section, as well as a three-dimensional
view of a MOVe valve and a MOVe pump formed from three MOVe valves in series. This embodiment
depicts a fluidics layer with internal channels that open onto the actuation layer through vias. However, it is
clear that a valve also could be formed using a fluidics layer in which the channels are formed in the surface of
the fluidics layer and covered over by the actuation layer. Fluidics layer 1301, actuation layer 1302 and
pneumatics layer 1303 are sandwiched together. Microfluidic channel 1304 opens onto the actuation layer
through a via 1305. Valve seat 1306 is in contact with the actuation layer, resulting in a closed valve. When
the pneumatics layer is activated, the actuation layer 1307 is deformed into the pneumatic chamber 1308. This
opens the valve, creating a path 1309 through which liquid can flow.

[0048] Figure 14 illustrates an embodiment of a magnet assembly. Items 1401-1405: 1401-instrument
chassis; 1402-magnet lift mechanism structural bracket; 1403-magnet assembly; 1404-magnet holder

weldment; 1405-linear motion actuator.

[0049] Figure 15 illustrates an embodiment of a magnet assembly wherein a magnet has been moved by the
device into a functional position relative to a microfluidic chip. Items 1501 — 1506: 1501-instrument chassis;
1502-linear actuator; 1503-magnet lift mechanism structural bracket; 1504-magnet assembly; 1505-microchip,

extended shelf portion; 1506-microchip, sandwich portion.

[0050] Figure 16 illustrates an embodiment of the instrument 1601 of the invention including four
microfluidic chip assemblies 1602 attached to the instrument, with electrical circuits for the thermal regulators
1603 connected to an in/out connection 1605. Pneumatic conduits 1605 are fed through pneumatic ports 1606

to pneumatic actuators 1607 to control the valves and ports of the microfluidic chip.

[0051] Figure 17 illustrates a partial view of an embodiment of the instrument, including a magnet assembly
operably connected through the thermal regulator, in relation to the chip stations. The view shows an array of
four magnets 1701 held in parallel orientation by brackets 1702, with two chip stations 1703 located adjacent
to two of the magnets. Connecting rods 1704 of the magnet assembly pass through the thermal regulator, a
portion of which is shown in 1705.

[0052] Figure 18 illustrates an embodiment of a magnet and shield of the magnet assembly. The magnet 1801
has a long dimension 1802, an intermediate dimension 1803 and a short dimension 1804, and is substantially
rectangular in shape. The long and short dimensions define a first pair of faces defining north 1805 and south
magnetic poles 1806. A shield 1807 contacts a second face of the magnet defined by the long and intermediate

dimension.

[0053] Figure 19 is a partial view of an embodiment of the instrument, illustrating the relative positions of
various components. The instrument is shown with four chip stations 1901 with three fluidic manifolds and
chips 1902 attached. The heating elements 1903 are located under the extended region, or shelf of the
microfluidic chip, and are fed by controlled electrical circuits. The magnets 1904 are located adjacent to the
heating elements with the attached shield oriented on face the opposite the heating element. In this illustration,
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the magnet in the view has the north pole oriented up. In this embodiment, the remaining three magnets would

be configured, in order, with alternating orientations of south, north, and south poles facing up.

[0054] Figure 20A illustrates a magnet 2001 with attached magnetic shield 2002 and the resulting focused
magnetic field 2003.

[0055] Figure 20B illustrates a microfluidic chip 2005 with capture chambet/valve 2004, microfluidic
channels 2006, and elastomeric membrane 2007. The chip is in the functional position where the chamber is in
the focused magnetic field 2008.

[0056] Figure 21 shows a view of three fluidically connected microchannels with four in-line diaphragm

valves.

{0057] Figure 22 shows a view of three fluidically connected microchannels with three in-line diaphragm
valves and one flow-through diaphragm valve.

[0058] Figure 23 shows a view of three fluidically connected microchannels with four in-line diaphragm
valves positioned in the microchannels and one junction diaphragm valve positioned at the intersection of the

three microchannels.

[0059] Figure 24 shows a view of four fluidically connected microchannels with five in-line diaphragm

valves.

[0060] Figure 25 shows a view of four fluidically connected microchannels with six in-line diaphragm valves
positioned in the microchannels and one junction diaphragm valve positioned at the intersection of the four

microchannels.

[0061] Figure 26 shows a microchannel with an oval-shaped chamber.

[0062] Figure 27 shows a microchannel with a circular-shaped chamber.

[0063] Figure 28 shows a microchannel with a rectangular-shaped chamber.

[0064] Figure 29 shows two fluids with increasing interfacial area along a microchannel.

[0065] Figure 30 shows a clamshell view of one embodiment of a diaphragm valve of this invention. A
fluidics layer 101 comprises a fluid conduit comprising a fluidic channel 102 interrupted by a valve seat 103.
In this embodiment, fluidic channel opens into a fluidics valve body 104. One face of the fluidics layer
contacts the actuation layer (e.g., elastic layer) 105 in the assembled device. This face comprises sealing
surfaces 106, to which the actuation layer can be sealed, and exposed surfaces of the functional components —
fluidic conduit including the valve seat. A pneumatics layer 111, comprises a pneumatic conduit comprising a
pneumatic channel 112 and a pneumatic valve body disposed opposite the valve seat. The pneumatic layer also
comprises a face that contacts the actuation layer in the assembled device that has sealing surfaces and exposed

surfaces of functional elements.
[0066] Figure 31 shows an assembled diaphragm valve in three dimensions.

[0067] Figure 32A and Figure 32B show a cross-section of a “three layer” diaphragm valve in closed (Figure
32A) and open (Figure 32B) configurations.
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[0068] Figure 33A and Figure 33B show a portion of a device in which the fluidics layer comprises a plurality

of sublayers, in exploded and closed views. The top sublayer 121 is referred to as the “etch” layer and bottom
sublayer 122 is referred to as the “via” layer. In this example the etch layer comprises grooves (e.g., 123 and
128) on the surface that faces the via layer to form a closed fluidic channel. The via layer comprises grooves
(e.g., 124) on the surface that faces the actuation layer. When the actuation layer (e.g., elastic layer) is bonded
to or pressed against the via layer, it covers the channels and seals them against leakage. The via layer also
includes vias (e.g., holes or bores) (e.g., 126 and 127) that traverse this sublayer and open onto the actuation
layer on one side and the etch layer on the other. In this way, fluid traveling in a channel in the etch layer can

flow into a conduit in the via layer that faces the actuation layer.

DETAILED DESCRIPTION OF THE INVENTION
[0069] I. Microfluidic Chip Device

[0070] The present disclosure provides systems comprising microfluidic chip devices and thermal regulators
and methods of use of the devices. The systems disclosed herein find use in the preparation and analysis of
target analytes, including processing biochemical or chemical samples, the analysis of target analytes, or the
recovery of processed biochemical or chemical samples for analysis in a separate device. In one aspect, the
microfluidic chip device comprises a first region and a second region (Fig. 1). As depicted in Figure 2, the first
region, or microfluidics sandwich region, has multiple layers comprising a fluidics layer comprising fluidic
channels; a pneumatics layer comprising pneumatic channels; and an actuation layer (e.g., an elastomeric layer)
sandwiched between the fluidics layer and the pneumatic layer, wherein the sandwich comprises Micro-
Robotic on-Chip Valve and Pump valves (MOVe) to regulate fluid flow in the fluidics channels. The second
region (Fig. 1A), an isolated portion in this case taking the form of an extended shelf region, of the
microfluidics device comprises an extended portion of the fluidics layer of the first region that extends beyond
an edge of the sandwiched layers to form a shelf. In other embodiments, the isolated region is a region that is
surrounded by a pneumatics layer sandwiched with another portion of the fluidics layer. Generally, the isolated
region comprises one or more microfluidic channels (see Fig. 1B) configured to contain a fluidic sample of
sufficient volume for the subsequent recovery and analysis of a biochemical or chemical reaction from the
sample introduced into the channel. In one embodiment, the channel takes a serpentine shape. The
microfluidics device is configured so that one or more of the devices can attach to the thermal regulator, with
the extended shelf region of the microfluidics device in a temperature regulation zone for the controlled
regulation of the temperature of the shelf region and a fluidic sample contained therein. The extended shelf can
be in physical contact with a temperature regulated surface, e.g., a Peltier, or can be heated and cooled by non-
physical contact, e.g., IR heating, radiant heating, air cooling. The pneumatics layer generally is outside of the
temperature regulation zone. The thermal regulator, described more fully below, can be an electrical device
that comprises one or more thermal regulators, temperature sensors, temperature regulators, fans and power
supply that are operably connected to a device, microprocessor, or computer control for regulating the
temperature and temperature regulation times of the device and the extended shelf region of the microfluidics

chip device.

[0071] The fluidic devices of this invention comprise at least one or a plurality of fluidic conduits in which

fluid flow is controlled by on-device diaphragm valves and pumps actuatable by, for example, pneumatics or
10
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hydraulics. The device comprises a fluidics layer, a pneumatic layer and an actuation layer sandwiched there-

between. In some embodiments the three layers are bonded together into a unit. In other embodiments, the
fluidics layer and the actuation layer are bonded together to form a unit that can be mated with and removed
from the pneumatic layer, e.g., by applying and releasing pressure, for example by clamping. When the fluidic
sublayers comprise glass, the sublayers can be bonded together by heating the pieces so as to cause them to
fuse.

[0072] Fluidic conduits and pneumatic conduits may be formed in the surface of the fluidic or pneumatic
layer as furrows, dimples, cups, open channels, grooves, trenches, recesses and the like. Conduits or passages
can take any shape appropriate to their function. This includes, for example, channels having, hemi-circular,
circular rectangular, oblong or polygonal cross sections. Valves, reservoirs and chambers having circular or
other shapes and having dimensions that are larger than channels to which they connect can be made. Areas in
which a conduit becomes deeper or less than a connecting passage can be included. The conduits comprise
surfaces or walls that contact fluids flowing through them. The fluid in the fluidic layer can be a liquid or a

gas.

[0073] The fludics layer, itself, can be comprised of more than one sublayers, wherein channels in certain
sublayers connect through vias in other sublayers to communicate with other channels or with the actuation
layer. In multiple sublayer situations, fluidic paths can cross over one another without being fluidically

connected at the point of crossover.

[0074] The diaphragm valves and pumps are comprised of functional elements in the three layers. A
diaphragm valve comprises a body, a seat (optionally), a diaphragm and ports configured to allow fluid to flow
into and out of the valve. The body is comprised of a cavity or chamber in the pneumatic layer that opens onto
the surface facing the actuation layer (“pneumatic valve body”). Optionally, the valve body also includes a
chamber in the fluidics layer that opens onto a surface facing the actuation layer and which is disposed opposite
the pneumatic layer chamber (“fluidics valve body”). The pneumatic layer chamber communicates with a
passage, €.g., a channel, through which positive or negative pressure can be transmitted by a gas or liquid. In
certain embodiments, the gas is air. In other embodiments, the liquid is water, oil, Fluorinert, etc. The fluidics
layer can comprise a valve seat that faces the actuation layer. The valve seat interrupts a fluidic channel either
directly or by being disposed within a body chamber in the fluidics layer. The diaphragm is included in the
actuation layer. The valve may be configured so that the diaphragm naturally sits on the valve seat, thus
closing the valve, and is deformed away from the seat to open the valve. The valve also may be configured so
that the diaphragm naturally does not sit on the seat and is deformed toward the seat to close the valve. When
the diaphragm is off the valve seat, it creates a fluidic chamber or passage through which fluid may flow. The

channel is in fluid communication with the valve chamber through the valve ports.

[0075] In another embodiment a diaphragm valve is formed from a body comprising a chamber in the
pneumatic layer and the fluidics layer, but without a valve seat. In this embodiment, deforming the diaphragm
into the pneumatic chamber creates a volume to accept fluid, and deforming the diaphragm into the fluidics
chamber pumps liquid out of the pump or seals a valve. In this configuration, the position of the diaphragm
also can regulate the speed of flow through the pump by changing the volume of the fluidic passage. This type

of valve is useful as a fluid reservoir and as a pumping chamber, and can be referred to as a pumping valve.
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[0076] At least one of the layers can have a smooth surface that bonds with another layer. A smooth surface

may be rigid or flexible. The substrate can have a generally planar, e.g., a flat surface. In other embodiments,

if one of the surfaces is curved, the other substrate can be a material that is configured to conform to it.

[0077] In the sandwich configuration just described, the surface or face of the fluidics or pneumatic layer that
faces the actuation layer generally comprises a flat or smooth surface into which indentations, depressions or
etchings have been made to form the functional elements of fluidics and pneumatic layers, e.g., channels,
chambers and valves. A portion of the surface (e.g., a smooth or flat surface) that contacts the actuation layer
is referred to as a contact surface. Portions of the surfaces that are indented, depressed or etched that face the
actuation layer are referred to as exposed surfaces. Surfaces over which fluid flows, including conduits,

channels, valve or pump bodies, valve seats, reservoirs, and the like functional surfaces.

[0078] In the construction of the fluidic device, pressure or bonding of the actuation layer to all or part of the
contact surfaces can function to cover exposed conduits and contain liquid within the fluid or pneumatic
conduits. These surfaces are referred to as sealing surfaces. In the functioning of the valves and pumps, a
diaphragm moves on or off a valve seat or contact surface and toward or away from the surface of a body

chamber in the fluidics or pneumatic layer.

[0079] The actuation layer typically is formed of a substance that can deform when vacuum or pressure is
exerted on it and can return to its un-deformed state upon removal of the vacuum or pressure, e.g., an
elastomeric material. Because the deformation dimension is measure in less than ten mm, less than one mm,
less than 500 pm, or less than 100 pm, the deformation required is lessened and a wide variety of materials
may be employed. Generally, the deformable material has a Young’s modulus having a range between about
0.001 GPa and 2000 GPa, preferably between about 0.01 GPa and 5 GPa. Examples of deformable materials
include, for example but are not limited to thermoplastic or a cross-linked polymers such as: silicones (e.g.,
polydimethylsiloxane (“PDMS”)), polyimides (e.g., Kapton™, Ultem), cyclic olefin co-polymers (e.g.,
Topas™, Zeonor), rubbers (e.g., natural rubber, buna, EPDM), styrenic block co-polymers (e.g., SEBS),
urethanes, perfluoro elastomers (e.g., Teflon, PFPE, Kynar), Mylar, Viton, polycarbonate,
polymethylmethacrylate, santoprene, polyethylene, or polypropylene. Other classes of material that could
function as the actuation layer include, for example, but are not limited to metal films, ceramic films, glass
films or single or polycrystalline films. Furthermore an actuation layer could comprise multiple layers of

different materials such as combination of a metal film and a PDMS layer.

[0080] The actuation layer typically is formed of a deformable, generally an elastomeric, substance, such as
PDMS, that can deform when vacuum or pressure is exerted on it. At points where the fluidic channels or

pneumatic channels open onto or are otherwise in contact with the actuation layer, functional devices such as
valves can be formed. Such a valve is depicted in cross section in Figure 13. Both the fluidics layer and the
pneumatics layer can comprise ports that connect channels to the outside surface as ports. Such ports can be

adapted to engage fluidics manifolds, e.g., cartridges, or pneumatics manifolds.

[0081] The microfluidic device typically comprises multiple microchannels and vias that can be designed and
configured to manipulate samples and reagents for a given process or assay. In some embodiments the
microchannels have the same width and depth. In other embodiments the microchannels have different widths

and depths. In one embodiment a microchannel is characterized as having a channel wider than the average
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size of an analyte of interest in a sample delivered to the microstructure. In another embodiment a

microchannel has a width equal to or larger than the largest analyte (such as the largest cell) separated from the
sample. For example, in some embodiments, a microchannel in a microfluidics chip device can have a width
greater than 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150 microns. In some embodiments, a microchannel
has a width of up to or less than 100, 90, 80, 70, 60, 50, 40, 30, or 20 microns. In some embodiments a
microchannel in a microstructure can have a depth greater than 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150
microns. In some embodiments, a microchannel has a depth of up to or less than 100, 90, 80, 70, 60, 50, 40,
30, or 20 microns. In some embodiments a microchannel has side walls that are parallel to each other. In some
other embodiments a microchannel has a top and bottom that are parallel to each other. In some other
embodiments a microchannel comprises regions with different cross sections. In some embodiments, a
microchannel has a cross section in the shape of a cheese wedge, wherein the pointed end of the wedge is

directed downstream.

[0082] The microfluidic layers of the device may be made out of different materials including, but not limited
to, borosilicate glasses, pyrex, borofloat glass, Corning 1737, Corning Eagle 2000, silicon acrylic,
polycarbonate, liquid crystal polymer, polymethylmethoxyacrylate (PMMA), Zeonor, polyolefin, polystyrene,
polypropylene, and polythiols. Depending on the choice of the material different fabrication techniques may
also be used. The device may be made out of plastic, such as polystyrene, using a hot embossing technique.
The obstacles and the necessary other structures are embossed into the plastic to create the bottom surface. A
top layer may then be bonded to the bottom layer. Injection molding is another approach that can be used to
create such a device. Soft lithography may also be utilized to create either a whole chamber out of plastic or
only partial microstructures may be created, and then bonded to a glass substrate to create the closed chamber.
Yet another approach involves the use of epoxy casting techniques to create the obstacles through the use of
UV or temperature curable epoxy on a master that has the negative replica of the intended structure. Laser or
other types of micromachining approaches may also be utilized to create the flow chamber. Other suitable
polymers that may be used in the fabrication of the device are polycarbonate, polyethylene, and poly(methyl
methacrylate). In addition, metals like steel and nickel may also be used to fabricate the device of the
invention, e.g., by traditional metal machining. Three-dimensional fabrication techniques (e.g.,
stereolithography) may be employed to fabricate a device in one piece. Other methods for fabrication are

known in the art.

[0083] In some embodiments microstructures of channels and vias are formed using standard
photolithography. For example, photolithography can be used to create a photoresist pattern of obstacles on a
glass wafer or on a silicon-on-insulator (SOI) wafer. In one embodiment, a glass wafer comprises of a 100 pm
thick glass layer atop a 1 pm thick glass layer on a 500 pm thick wafer. In another embodiment, a SOI wafer
comprises of a 100 pm thick Si(100) layer atop a 1 pm thick SiO, layer on a 500 um thick Si(100) wafer. To
optimize photoresist adhesion, the wafers may be exposed to high-temperature vapors of hexamethyldisilazane
prior to photoresist coating. UV-sensitive photoresist is spin coated on the wafer, baked for 30 minutes at 90
°C, exposed to UV light for 300 seconds through a chrome contact mask, developed for 5 minutes in developer,
and post-baked for 30 minutes at 90 °C. The process parameters may be altered depending on the nature and
thickness of the photoresist. The pattern of the contact chrome mask is transferred to the photoresist and

determines the geometry of the microstructures.
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[0084] Upon the formation of the photoresist pattern that is the same as that of the microstructures, the

etching is initiated. SiO, may serve as a stopper to the etching process. The etching may also be controlled to
stop at a given depth without the use of a stopper layer. The photoresist pattern is transferred to the 100 pm
thick Si layer in a plasma etcher. Multiplexed deep etching may be utilized to achieve uniform

microstructures. For example, the substrate is exposed for 15 seconds to a fluorine-rich plasma flowing SFg,
and then the system is switched to a fluorocarbon-rich plasma flowing only C,F; for 10 seconds, which coats
all surfaces with a protective film. In the subsequent etching cycle, the exposure to ion bombardment clears the
polymer preferentially from horizontal surfaces and the cycle is repeated multiple times until, e.g., the SiO,
layer is reached. The microstructures can be etched into 4 inch diameter discs of suitable material, as

described above, with multiple microfluidic devices etched into single discs, as is illustrated in Figure 8.

[0085] Valve seats and other surfaces of the fluidics or pneumatics layers through which fluid passes and
which may come into contact with the actuation layer can be made more hydrophobic to resist sticking or
bonding with the actuation layer. For example, a low surface energy material, such as a noble metal, e.g., gold,
or a perfluoropolymer, such as Teflon, can be used to coat these surfaces. The material can be applied, for
example, by chemical vapor deposition or other methods known in the art. See, for example, provisional patent
application 61/227,186, filed July 21, 2009, entitled “Fluidic Devices With Diaphragm Valves.”

[0086] In certain embodiments, the microfluidic devices of this invention are monolithic devices. In
monolithic devices, a plurality of ciréuits are provides on a single substrate. In the case of devices comprising
diaphragm valves, a monolithic device comprises a single actuation layer (e.g., elastic layer) functioning as a
diaphragm for a plurality of valves. In certain embodiments, one actuation channel can operate a plurality of
valves on a monolithic device, e.g., valves in different fluidic circuits. This allows parallel activation of many
fluidic circuits. Monolithic devices can have dense arrays of microfluidic circuits. These circuits function with
high reliability, in part because the channels in each circuit are fabricated simultaneously on a single substrate,

rather than being made independently and assembled together.

[0087] The fluidic circuits and of these devices can be densely packed. A circuit comprises an open or closed
fluid conduit. In certain embodiments, the device can comprise at least 1 fluidic circuit per 1000 mm?, at least
2 fluidic circuits per 1000 mm?, at least 5 fluidic circuits per 1000 mm?, at least 10 fluidic circuits per 1000
mm?, at least 20 fluidic circuits per 1000 mm?, at least 50 fluidic circuits per 1000 mm”. Alternatively, the
device can comprise at least 1 mm of channel length per 10 mm” area, at least 5 mm channel length per 10
mm?, at least 10 mm of channel length per 10 mm? or at least 20 mm channel length per 10 mm?.

Alternatively, the device can comprise valves (either seated or unseated) at a density of at least 1 valve per cm?,
at least 4 valves per cm?, or at least 10 valves per cm’. Alternatively, the device can comprise features, such as
channels, that are no more than 5 mm apart edge-to-edge, no more than 2 mm apart, no more than 1 mm apart,

no more than 500 microns apart or no more than 250 microns apart.

[0088] The actuation layer can comprise a silicone polymer (polysiloxane) such as poly(dimethylsiloxane)
(PDMS). Silicones typically are water repellant due, in part, to an abundance of methyl groups on their
surfaces. In order to increase the strength of bonding between polysiloxanes and substrates comprising reactive
groups, such as hydroxyls (e.g., glass), the siloxanes can be made more hydrophilic by UV ozone, plasma
oxidation, or other methods that place silanol groups (Si-OH) on the surface. When activated PDMS is
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contacted with glass or other materials comprising active hydroxyl groups and preferably subjected to heat and

pressure, a condensation reaction will produce water and covalently bond the two layers through, e.g., siloxane
bonds. This produces a strong bond between the surfaces. However, in order for the valves to be functional,
the actuation layer (e.g., elastic layer) cannot bind to the valve seats, and, preferably, does not bind to any
surface of the valve or to any channel in the surface of the fluidic or actuation layer (e.g., elastic layer) that

faces the actuation layer (e.g., elastic layer). A low energy coating is one embodiment to prevent binding.

[0089] In one method, the layers are sealed by bonded together with covalent or non-covalent bonds (e.g.,
hydrogen bonds). This can be achieved by mating the fluidics, actuation and pneumatic layers together as a
sandwich and applying pressure and heat. For example, when the actuation layer comprises a silicone, such as
PDMS treated as above to render the surface more hydrophilic, and the fluidics and pneumatic layers are glass
treated to render the exposed surfaces more hydrophobic, the pieces can be pressed together at a pressure of
100 kg to 500 kg, e.g., about 300 kg. They can be baked between 25° C and 100° C, e.g., about 90° C for
about 5 minutes to about 30 minutes, e.g., about 10 minutes, depending on the combination of temperature and
pressure used. This will cure the bonding between the actuation layer (e.g., elastic layer) and the sealing

surfaces.

[0090] In another method, the device can be assembled by holding the pieces together under pressure during
functioning of the chip, thereby sealing the functional areas of the fluidics layer from leakage. This can be

done mechanically, e.g., by clipping or clamping the layers together.

[0091] When the fluidics and pneumatic layers comprise plastics, the plastic can be adhered to a polysiloxane,
such as PDMS, through non-covalent bonds. For example, an adhesive, such as a tape or a glue, can be used to
adhere the plastic and the siloxane. In certain embodiments, the adhesive is removed from selected locations
on the surface of the plastic. In this case, the polysiloxane can be free from adhesion to the plastic at the
selected locations. The adhesive can be, for example, transfer tape, adhesive coated tape such as silicone

based, acrylic, or other materials in thin sheets or films.
[0092] A. Micro-Robotic on-Chip Valve and Pump (“MOVe”) Technology

[0093] In some instances, the microfluidic device or chip has diaphragm valves for the control of fluid flow.
Microfluidic devices with diaphragm valves that control fluid flow have been described in U.S. Patent No.
7,445,926, U.S. Patent Publication Nos. 2006/0073484, 2006/0073484, 2007/0248958, 2008/0014576 and
2009-0253181, and PCT Publication No. WO 2008/115626. The valves can be controlled by applying positive

or negative pressure to a pneumatics layer of the microchip through a pneumatic manifold.

[0094] MOVe elements, such as valve, routers and mixers are formed from sub-elements in the fluidics,
actuation layer (e.g., elastic layer) and pneumatic layer of the device. A MOVe valve is a diaphragm valve
formed from interacting elements in the fluidics, actuation layer and pneumatics layers of a microfluidic chip
(Fig. 13). The diaphragm valve is formed where a microfluidic channel and a pneumatic channel cross over
each other and open onto the actuation layer. At this location, deflection of the actuation layer into the space of
the fluidics channel or into the space of the pneumatics channel will alter the space of the fluidics channel and
regulate the flow of fluid in the fluidics channel. The fluidics channel and pneumatics channels at the points of

intersection can assume different shapes. For example, the fluidics channel can comprise an interruption that
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functions as a valve seat for the actuation layer. The fluidics channel could open into a chamber like space in

the valve. The pneumatics channel can assume a larger space and/or cross section than the channel in other

parts of the pneumatics layer, for example a circular chamber.

[0095] Figure 13 shows an embodiment of a MOVe valve in cross-section, as well as a three-dimensional
view of a MOVe valve and a MOVe pump formed from three MOVe valves in series. This embodiment
depicts a fluidics layer with internal channels that open onto the actuation layer through vias. However, it is
clear that a valve also could be formed using a fluidics layer in which the channels are formed in the surface of
the fluidics layer and covered over by the actuation layer. Fluidics layer 1301, actuation layer 1302 and
pneumatics layer 1303 are sandwiched together. Microfluidic channel 1304 opens onto the actuation layer
through a via 130S. Valve seat 1306 is in contact with the actuation layer, resulting in a closed valve. When
the pneumatics layer is activated, the actuation layer 1307 is deformed into the pneumatic chamber 1308. This
opens the valve, creating a path 1309 through which liquid can flow. The pressure in the pneumatic chamber
1308 relative to the microfluidic channel 1304 controls the position of the actuation layer 1302. The actuation
layer can be deformed toward the pneumatic chamber 1308 when the pressure is lower in the pneumatic
chamber relative to the microfluidic channel 1304. Alteratively, the actuation layer can be deformed toward
the microfluidic channel 1304 when the pressure is lower in the microfluidic channel relative to the pneumatic
chamber. When pressure is equal or approximately equal in the microfluidic channel and the pneumatic
chamber, the valve can be in a closed position. This configuration can allow for complete contact between the
seat and the elastomeric layer when the valve is closed. Alternatively, when pressure is equal or approximately
equal in the microfluidic channel and the pneumatic chamber, the valve can be in an open position. The
pneumatically actuated valves can be actuated using an inlet line that is under vacuum or under positive
pressure. The vacuum can be approximately house vacuum or lower pressure than house vacuum. The
positive pressure can be about 0, 5, 10, 15, 20, 25, 30, or 35 psi. The fluid for communicating pressure or
vacuum from a source can be any fluid, such as a liquid or a gas. The gas can be air, nitrogen, or oxygen. The

liquid can be an organic liquid or aqueous liquid, e.g., water.

[0096] MOVe micro-valves, micro-pumps, and micro-routers can combine two glass microfluidic layers with
a deformable membrane layer, such as polydimethyl siloxane (PDMS), that opens and closes the valve, and a
pneumatic (or elastomeric) layer to deform the membrane and actuate the valve. The microfluidic layer can
have multiple configurations. In one embodiment, the elastomeric membrane simultaneously modulates fluid
flow across said at least two microfluidic channels or discontinuities, as shown in Figure 2. In another
embodiment, the elastomeric membrane simultaneously modulates fluid flow across said at least three
microfluidic channels or discontinuities, thereby forming at least a three channel valve, as shown in Figure 3A
and Figure 3B. In some embodiments, an open channel, furrow or groove can be etched into the surface of one
of the glass layer. In other embodiments, the channel can be internal to the layer, €.g., in the form of a tunnel,
tube or via. The fluidic channels etched in the top glass layer can be discontinuous and lead to vias, or ports, in
the second glass layer that bridge opposing discontinuous channels at a nexus of the top glass layer, wherein
the vias act as valve seats. The PDMS membrane sits against the valve seat and normally closes the fluidic
path between the two vias. On the opposite side of PDMS membrane, a pneumatic displacement chamber,
formed by etching in the layer, is connected to a full-scale vacuum or pressure source. By controlling a

miniaturized off-chip solenoid, vacuum or pressure (approximately one-half atmosphere) can be applied to
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PDMS membrane to open or close the valve by simple deformation of the flexible membrane, e.g., application

of vacuum to the membrane deflects the membrane away from a valve seat, thereby opening the valve.

[0097] Diaphragm valves of this invention can displace defined volumes of liquid. A diaphragm valve can
displace a defined volume of liquid when the valve moved into a closed or opened position. For example, a
fluid contained within a diaphragm valve when the valve is opened is moved out of the diaphragm valve when
the valve is closed. The fluid can be moved into a microchannel, a chamber, or other structure. The diaphragm
valve can displace volumes that are about, up to about, less than about, or greater than about 1000, 750, 500,
400, 300, 200, 100, 50, 25, 20, 15, 10, 5, 4, 3,2, 1,0.5,0.25, or 0.1 uL. A diaphragm valve can be an in-line
valve or a flow-through valve, as shown in Figure 3A and 3B, respectively. In Figure 3A, the location of the
valve seat in the diaphragm valve is shown by a vertical bar in the horizontal channel. Closure of the valve is
by contact of the elastomeric layer with the valve seat, thus reducing or blocking flow along the horizontal
channel. In Figure 3B, the valve seat is located along the horizontal channel. Closure of the valve by contact
of the elastomeric layer with the valve seat prevents or reduces fluid flow along the horizontal channel. Fluid
can flow along the vertical channel when the flow-through valve is either open or closed. The flowthrough
valve shown is also illustrated in Figure 4A and Figure 4B. Figure 4A shows the two intersecting channels
with a flowthrough valve positioned at the junction between the two channels. Figure 4A shows the valve in a
closed position, such that fluid in the horizontal channel is not fluidically connected with fluid in the vertical
channel, but liquid can flow past the flowthrough valve in the vertical channel when the valve is closed. Figure
4B shows the flowthrough valve in an open position, such that the vertical channel is fluidically connected to

the horizontal channel.

[0098] Figure 5A and Figure 5B show three channels that are connected by a valve that when closed, prevents
or reduces fluid flow between all three channels. Figure 5A shows the three-way valve in a closed position,
such that all channels are blocked. Figure 5B shows the valve in an open position, such that fluid

communication can occur between all three valves.

[0099] Variations on flow-through and in-line valves can include valves that are situated at intersections of
greater than two, three, four, or more channels. Valve seats or other structures can be designed such that
closure of the valve can prevent or reduce flow in one or more of the channels while allowing fluid to flow in
one or more of the other channels. For example flow can be blocked along three of five channels, while flow
can continue through two of the five channels. A flow-through valve can also be referred to as a T-valve, as

- described in US Application No. 12/026,510 and WO 2008/115626, each incorporated herein by reference in

their entirety.

[00100] When placed in a series of three, diaphragm valves can function as a diaphragm pump, which
functions as a positive displacement pump. Self-priming MOVe pumps can be made by coordinating the
operation of three valves (including but not limited to, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or
20 valves), and can create flow in either direction. A variety of flow rates can be achieved by the timing of the
actuation sequence, diaphragm size, altering channel widths, and other on-chip dimensions. Routers can
similarly be formed from these valves and pumps. The routers can be formed using three or more valves each

on a separate channel connecting to central diaphragm valve. Bus structures can also be created.
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[00101] Examples of diaphragm valves placed along microfluidic channels are shown in Figure 21, Figure 22,

Figure 23, Figure 24, and Figure 25. Figure 21 shows a first channel (107) and a second channel (505) that are
fluidically connected to a mixing channel (110). A first in-line diaphragm valve (507) is placed along the first
channel. A second in-line diaphragm valve (505) is placed along the second channel Two in-line valves (511
and $13) are positioned along the mixing channel. A pump can be formed by three diaphragm valves that are
positioned linearly along a flow path. For example, valves 507, 511, and 513 can form a first pump and valves
505, 511, and 513 can form a second pump. The centrally located valve, valve 511, can be the pumping valve.
The pumping valve can have a desired stroke or displacement volume as described herein. The first pump can
move liquids from the first channel to the mixing channel or vice-versa. The second pump can move liquids
from the second channel to the mixing channel or vice-versa. The first pump can be operated while fluid flow
in the second channel is blocked by closure of valve 505 or another valve positioned on the second channel or
on other channels that are connected to the second channel. Figure 22 shows a first channel 107 and a second
channel 108 that are connected to a mixing channel 110. Flow through the first channel can be controlled by
in-line valve 507 and flow through the second channel can be controlled by flow-through valve 505. Similar to
as shown in Figure 21, the mixing channel can have two in-line valves (511 and 513). Figure 23 shows an
alternative arrangement of microfluidic valves positioned along three channels. The first channel 107 can have
two in-line valves 701 and 703, and the second channel 108 can have two in-line valves 705 and 707. The first
and second channel can be connected to a mixing channel 110. A junction valve 709 can be positioned at the
intersection between the first channel, the second channel, and the mixing channel. Closure of the junction
valve can prevent or reduce fluid flow in the first channel, the second channel, and the mixing channel. The
junction valve 709 can have a seat that is triangular-shaped or shaped as shown in Figure SA. Figure 24 shows
a first channel 801, a second channel 805, and a third channel 803 that are connected to a mixing channel 807.
The valves and channels can be operated in a similar manner as the valves and channels shown in Figure 21.
Referring to Figure 24, fluid can be moved from the first channel to the mixing channel while preventing or
reducing flow of fluid in the second channel and the third channel by closure of valve 805 and 803. Figure 25
shows a first channel 903, a second channel 902, a third channel, 904 connected to a mixing channel 905. A
junction diaphragm valve can be positioned at the intersection between the first channel, the second channel,
the third channel, and the mixing channel, similar to the junction diaphragm valve shown in Figure 23. The

valves and channels can be operated in a similar manner as the valves and channels shown in Figure 23.

[00102] As shown in Figure 26, Figure 27, and Figure 28, the mixing channel can have a chamber of variable
cross-sectional area. The shape of the chamber can be oval 201, spherical 110, or rectangular 401. In some
embodiments of the invention, the chamber can be irregularly shaped to improve mixing of fluids passing
through the chamber. An elastomeric layer can form one wall of the chamber. The elastomeric layer can be
deformed such that the volume of the chamber is variable. The elastomeric layer can be deformed at a rate

such that mixing within the chamber is improved.

[00103] Using the diaphragm valves to pump fluids can move a bolus of liquid into a microchannel. In some
embodiments of the invention, two different fluids can be pumped into a microchannel such that a bolus of a
first fluid is layered against a bolus of a second fluid in the microchannel. The first fluid and the second fluid
can be different fluids. The first fluid and the second fluid can comprise different components. The fluids can
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be a reagent solution and a sample solution. The reagent solution can be a solution containing magnetically

responsive particles, e.g., magnetic or paramagnetic beads.

[00104] In some embodiments, the microfluidic chip devices herein include one or more reservoirs capable of
containing a sample or a reagent (e.g., labeled nucleotides). The reservoir is preferably fluidly coupled to one

or more of the microchannels or valves disclosed herein.

[00105] The ability to mix fluids on microchips and capillaries is disclosed. By actuating the proper
combinations of valves, liquids from one of the channels or reservoirs can be drawn into the central diaphragm
valve and expelled into a different channel to rout the liquid in a fluidic circuit. The liquids can comprise,
without limitation, analytes, biological samples, chemical and biochemical reagents, buffers, binding moieties,
beads, magnetically responsive particles, detection moieties and other materials used in the performance of

assays or biochemical or chemical reactions.

[00106] The MOVe valves, pumps, and routers are durable, easily fabricated at low cost, can operate in dense
arrays, and have low dead volumes. Arrays of MOVe valves, pumps, and routers are readily fabricated on
microchips, such as NanoBioProcessor microchips. In one embodiment, all the MOVe valves, pumps, and
routers on a microchip are created at the same time in a simple manufacturing process using a single
membrane, such as a sheet of Teflon, silicone elastomers, polydimethylsiloxane (PDMS), polyimide, Mylar,
Latex, Viton, polycarbonate, acrylic, santaprene, polyurethane, or buna. It costs the same to make 5 MOVe
pumps on a chip as it does to create 500. This technology provides the ability to create complex micro- and
nanofluidic circuits on microchips. Thus, the disclosure herein provides methods and the ability to create
complex micro-, nano-, and pico-fluidic circuits on chips, and allows the implementation of virtually any
reaction or assay onto a chip. In general, this technology can be at least substantially insensitive to variations

in solution ionic strength and surface contamination, and does not require applied electric fields.

[00107] A chip typically will comprise a plurality of fluidics circuits, each circuit comprising a microfluidic
channel and functional elements, such as valves, routers, pumps (e.g., three independently operable valves in
series), chambers, and ports. An exemplary schematic of the microfluidic circuits of the microfluidic device is
shown in Figure 6. This shows three circuits that share a common port, 70. The microfluidic circuits can move
fluids from sample input areas or reservoirs 80, mix them with reagents or other materials at valve 20 and
deliver them to other areas within the microfluidic chip device 30, 40. Two or three or more fluidic streams
can be joined by configuration of the appropriate number of valves, pumps, and channels. The streams can
contain samples, reagents, buffers, and other components. The microchannels 70 and ports can be variable in
width or height. In one embodiment, the samples and reagents are delivered to the serpentine channel 60 in the
extended shelf region for incubation and/or processing, and then returned to an output area in the microfluidics
device 90 through a gated valve 50. The processed sample can also be moved to a region for removal of an
analyte or other component, such as magnetically responsive paﬁiqles, e.g., magnetic or paramagnetic beads
40. The individual fluid streams can be moved by pumps comprising three or more valves including MOVe
valves or other valves 10. The valves can be created actuation of a deformable structure, changes in
temperature, pressure. Two or more streams can be combined using MOVe and other microvalves. In one

embodiment the MOVe valves are self priming and are under computer control; they may be driven in either
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direction and the same circuit can be used to split a sample into two streams by simply running the two co-

joined pumps to move samples to two areas within the microfluidic chip device.

[00108] In certain embodiments, the chip comprises a plurality of parallel circuits. Such an embodiment is
shown in Figure 7, which illustrates a microfluidics chip configured for 24 samples, and has an array of 24

fluidic circuits arranged in a serpentine pattern on the extended shelf portion of the microfluidic chip device.
[00109] B. Isolated Portion of the Fluidics Layer

[00110] The microfluidic chip device has a region in which the fluidics layer is isolated from (e.g., not covered
by) a layer that controls flow in the fluidics channels. For example, the fluidics layer is not covered by a
pneumatic layer and, in certain embodiments, an actuation layer. In certain embodiments, this isolated portion
takes the form of an extended portion of the fluidics layer that extends beyond an edge of the sandwich layer to
form a shelf, wherein the shelf comprises one or more microfluidic channels, optionally in serpentine
configuration. In other embodiments, the fluidic layer can surround the isolated region, as if to form a

sandwich with a hole in the pneumatics layer, exposing the otherwise covered fluidic layer.

[00111] In one embodiment, when the fluidics layer is constructed so that the fluidic channels are internal to
the layer and, typically, open to the actuation layer through vias, the extended portion, or shelf does not have
the deformable membrane or the pneumatics layer. Thus, the shelf includes of an extension of the fluidics

layer, which may comprise first and the second layers which define the microfluidic channels. The extended

portion comprises one or more microfluidics channels optionally in serpentine configurations.

[00112] In another embodiment, the fluidic channels are formed by overlaying grooves in a surface of the
fluidics layer with the actuation layer. In this case, the isolated portion, or shelf, can be overlaid with a layer of
glass or other suitable material that provides a top surface and seals the microfluidic channels in the extended
portion. Alternatively, this covering can be the material of the actuation layer. In one embodiment, the
isolated portion comprises at least a first continuous channel that emerges from a channel of the first region and
extends within the isolated portion in a serpentine configuration and returns to a different channel in the first
region. In another embodiment, the isolated portion comprises a plurality of adjacent channels that emerge
from the first region, extend within the isolated portion in serpentine or other dense pattern configurations and
return to the first region. In some embodiments, the isolated portion comprises 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 11,
12,13, 14, 15, 16, 17, 18, 19, 20, 22, 24 or more adjacent fluidic channels (Fig. 7).

[00113] In exemplary embodiments, the channels of the isolated shelf portion of the microfluidic device can
have an aspect ratio of height to width of up to or less than 0.2, 0.5, 0.75, 1, or 2 to promote effective heat
transfer from a thermal regulator to a fluid sample contained within the serpentine channel for the initiation,
incubation, thermal cycling, or termination of a biochemical or chemical reaction therein. In some
embodiments, the channels have a constant aspect ratio. In other embodiments, the channels have a variable
aspect ratio along the length of the channel. The channels of the isolated shelf portion can be created with
different patterns; e.g., serpentine, curves, zig-zag, etc., in order to provide increased length and surface area of
the channel and a permit a high density of the individual channels to be incorporated as a compact array within
the extended shelf portion of the microfluidic device. The excellent volume-to-surface ratio the long path

imparted by such configurations of the channels in the isolated portion benefits both the mixing of sample and
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introduced reagents and the thermal transfer of heat or cooling or temperature regulation to the sample mixture.

Because of the volume to surface ratio of the channels, the temperature of small samples (0.01-10 pl) contained
in each of the channels of the extended shelf region quickly equilibrates with the temperature of the thermal

regulator. In other embodiments, large chambers with low surface to volume ratios can be used.

[00114] To permit more control, in another embodiment, one or both surfaces of the isolated portion comprise
heat spreaders. These include, for example, metal strips or graphite strips that cover all or part of the exposed
portion and that spread heat provided from the other side of the heat spreaders. In another embodiment,

thermal insulators are provided in thermal contact with at least part of the isolated portion to lessen the effects

of ambient air above the isolated region.
[00115] C. Fluidics and Pneumatics Manifolds

[00116] In certain embodiments, the chip is mated with fluidics and/or pneumatic manifolds. These manifolds
comprise openings that mate with openings in the fluidics layer or the pneumatics layer of the chip, allowing
introduction of sample or reagents into the microfluidic circuits of the chip, or to remove material from the

fluidic circuits, such as reaction product. A fluidics manifold is shown in FIG. 7, 704.
[00117] II. Instrument
[00118] A. Thermal regulator

[00119] In another aspect of the invention, the isolated portion comprising the one or more microfluidic
channels is in thermal contact with a thermal regulator. The thermal regulator can be any device that regulates
temperature. This includes, for example, resistive wires that heat up when a voltage is applied (such as those
used in toasters), resistive heaters, fans for sending hot or cold air toward the isolated portion, Peltier devices,
IR heat sources such as projection bulbs, circulating liquids or gases in a contained device, and microwave

heating.

[00120] The thermal contact between the isolated portion and the thermal regulator provides thermal regulation
of the isolated portion and fluidic samples contained therein for incubation and/or regulation of biochemical or
chemical reactions. The ability of the thermal regulator to be programmed for different temperatures and
incubation times, together with the ability to control the introduction of samples, reactants and other reagents
into the microfluidic channel of the extended shelf region that is in thermal contact with the thermal regulator,
provides the ability to control the reaction times, temperatures, and reaction conditions within the microfluidic
channels. In one embodiment, thermal contact between a first surface of the isolated portion of a microfluidic
chip device is established by securing a microfluidic chip device to a first surface, or heat spreader, of the
thermal regulator. Where the microfluidic chip device is attached to a heat spreader, there may be an air gap
between the isolated portion of the microfluidic chip device and the heating element of the thermal regulator.
The microfluidic device can be secured to the thermal regulator by one or more bolts, screws, pins, clips,
brackets, or other such securing devices (Fig. 12). In one embodiment, the first surface of the isolated portion
of the microfluidic device is in thermal contact with a flat surface, or platen, of a thermal regulator that covers
one or more thermal regulators. In another embodiment, a first surface of the isolated portion is in thermal
contact with a slotted surface, or heat spreader of a thermal regulator (Fig. 12). In the latter embodiment, the
one or more thermal regulators are housed in the slotted surface and the first surface of the isolated portion
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substantially covers or bridges the slotted portion of the heat spreader when the microfluidic chip device is

secured to the thermal regulator. In other embodiments, the first surface of the isolated portion of the
microfluidic device is in thermal contact with a first surface of a thermal regulator and a second surface of the
isolated portion is in thermal contact with a second thermal regulator. In another embodiment, a first surface of
the isolated portion is in thermal contact with a first surface of a thermal regulator and a second surface of the

isolated portion is in thermal contact with an insulator.

[00121] The thermal regulator can be an electrical apparatus comprising one or more temperature sensors, €.g.,
thermocouples, thermistors, RTDs, and one or more regulators configured for temperature regulation,
incubating, or thermal cycling the isolated portion of an attached microfluidic chip device. In turn, the fluidic
biological or chemical samples introduced into the isolated portion of the microfluidic device are heated,
incubated, cooled, or thermal cycled in repetitive fashion in order to carry out one or more of a number of
biochemical or chemical procedures or processes. In one embodiment, the thermal regulators comprise two
parallel metal resistive temperature regulation rods, wires, or coils that substantially traverse the width of the
thermal regulator (Fig. 9). The thermal regulators can be retained on each end by insulators with integrated
resistive spring elements configured to contract as the thermal regulators expand. Thus, the device can
comprise a biasing element so that the wire can be biased to maintain a substantially straight orientation. See,
e.g., Figure 12, 1205. The thermal regulators may be made from standard resistance metals known in the art
such as nichrome, platinum, titanium, and optionally coated with silicon carbide. The thermal regulator may
contain 1, 2, 3, or 4 or more separate thermal regulators oriented parallel to each other within the apparatus or
in other geometries. In one embodiment, the one or more thermal regulators are under the control of a single
regulator. In another embodiment, each thermal regulator is under the control of a separate regulator. The use
of the regulator and temperature sensors in conjunction with the thermal regulators permits control of the rate
of temperature change as well as the set point. For example, the rate of temperature change can be more than

1°C/sec, more than 2 °C/sec, more than 3°C/sec, or higher rates of temperature change.

[00122] A preferred embodiment of the invention includes four powered and controlled thermal regulators.
Generally, the thermal regulators are located under or recessed into a first surface of the thermal regulator that
contacts the first surface of the isolated region of the microfluidic device. In the embodiments, the thermal
regulators do not directly contact the heat transfer surfaces or the isolated region of the microfluidics device.

In one embodiment, the thermal regulators are located under or within a temperature conductive platen. In
another embodiment, the thermal regulators are located in a recessed or slotted portion of a conductive heat
spreader. The platen or heat spreader can be comprised of a metal that has a high thermal conductivity but low
thermal capacity such as, but not limited to copper, silver, aluminum, steel, or alloys thereof. The platen or
heat spreader further comprises one or more temperature sensors attached to or embedded in the platen or heat
spreader, configured to be in proximity to the isolated region of the microfluidic device when it is in contact
with the first surface of the thermal regulator. In one embodiment, the thermal regulator comprises one
temperature sensor operably connected to a regulator for the control of the thermal regulator. In another
embodiment, the thermal regulator comprises one temperature sensor for each thermal regulator, which detects
a temperature in the vicinity of the corresponding thermal regulator and the attached isolated region of the
microfluidic device, and is operably connected to one or more regulators for the control of each thermal
regulator. The thermal regulator may further comprise one or more cooling fans located under the one or more

22



WO 2010/077322 PCT/US2009/006640
thermal regulators to rapidly cool the device by forcing air across the elements and the base of the platen or

heat spreader, and means for venting the air out of the apparatus, taking the unwanted heat with it (Fig. 10).
The embodiments allows temperature regulation and cooling of a sample to take place both quickly and

uniformly. In one embodiment, the one or more cooling fans provide cooling for the entire apparatus.

[00123] In another embodiment, the thermal regulator is configured into separate thermal zones, or stations,
with each zone comprising a separate thermal regulator, one or more temperature sensors, one or more fans,
and a regulator dedicated to each zone for the separate thermal control of that zone, a separate platen or heat
spreader above the zone, and configured to attach and connect the microfluidic device such that the isolated
region of the microfluidic device is in contact with the thermal zone. A preferred embodiment of the invention
includes four individually controlled thermal zones (Fig. 9), each configured to accept an attached microfluidic
chip device with the isolated region in physical contact with the corresponding surface of the thermal zone or

station (Fig. 12).

[00124] 1t is to be understood that the teachings of the invention encompass an automated control such as, for
example, a microprocessor or computer controlled system. The regulator, temperature sensors, thermal
regulators, cooling fans and electric power supply are operably connected with standard connectors known in
the art (Fig 11) to the microprocessor or computer that can be programmed by using a recording medium or
input device for operating the apparatus through the desired time versus temperature profile or to maintain a
constant temperature, and to regulate or correct the temperature in response to the signals generated by the
temperature sensors. In one embodiment, the microprocessor can be programmed to control the individual

thermal zones of the apparatus separately.

[00125] In another embodiment, the thermal regulator comprises a thermoelectric pump, or Peltier module, in
which one surface of the Peltier module serves as the first surface of the platen, in contact with the first surface
of the isolated region. The module further comprises one or more temperature sensors attached to or embedded
in the platen that are operably connected to a regulator for the control of the Peltier module. As the Peltier
module can function as both a temperature regulation and a cooling surface by directional control of the current
passing through it, the device enables constant-temperature control of the platen so that a reaction in the
corresponding isolated region of the microfluidic device can be controlled with high accuracy. The regulator,
temperature sensors and Peltier module are operably connected to a microprocessor that can be programmed
for operating the apparatus through the desired time versus temperature profile, and to regulate or correct the

temperature in response to the signals generated by the temperature sensors.
[00126] B. Magnet assembly

[00127] In another aspect, the invention provides a magnet assembly 1401 (Fig. 14). The magnet assembly can
be a component of the instrument of the invention. The magnet assembly can be used to provide a magnetic
field to one or more chambers or areas of the microfluidic chip assemblies of the invention. For example, the

magnetic assembly can be used to provide a magnetic field to a capture chamber described herein.

[00128] In one embodiment, the magnet assembly comprises a magnet moving device 1402 which comprises
one or more magnets 1403. The magnet assembly can comprise one, two, three, four or more magnets. The

magnet assembly can comprise holders 1404 to secure the one or more magnets. In one embodiment, the
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magnet assembly comprises slots to secure the one or more magnets. In another embodiment, the magnet

assembly comprises brackets to secure the one or more magnets. In another embodiment, the one or more
magnets are secured to the magnet assembly by one or more plates, bolts, screws, pins, clips, brackets, or a
combination of securing devices to attach the one or more magnets to the assembly. In some embodiments the
magnet assembly is mobile and can be moved in relation to the instrument. In one embodiment, the magnet
assembly is operably connected to the chip station assembly and can be moved within the chip station assembly

by an actuator or other mechanical device.

[00129] Illustrated as one embodiment in Figure 15, the magnet assembly 1501 can further comprise an
actuator 1502. The actuator can be operably connected to a power supply and a control device that can be a
microprocessor or computer control for regulating the position, movement, and time in a given position of the

magnetic assembly in relation to the chip station assembly and the microfluidic devices.

[00130] The actuator can comprise a motor and a mechanical device 1502, e.g., levers, rotating screws, rods,
springs, a shelf, a bracket or a platform 1503 that are connected and operably configured to move the magnet
assembly. In one embodiment, the actuator is a linear actuator. In one embodiment, the assembly comprising
one or more magnets 1504 can be moved into or away from a functional position 1505 at a station holding one
or more microfluidic chips 1506. In one embodiment, the moving into a functional position can be
accomplished by the actuator such that the magnets are moved into a close proximity to a region of the
microfluidic chip station 1505. In one embodiment, the actuator can move the magnet assembly to a
functional, or capture position in relation to an isolated region of one or more microfluidic chip devices; e.g., a
capture chamber/valve. For example, the magnet can be moved into a position so that it exerts sufficient force
to capture or immobilize paramagnetic microparticles in the chip under microfluidic flow conditions. In
another embodiment, the actuator can move the magnet assembly away from the functional position to a
release position. The actuator can also variably adjust the position of the magnet assembly in relation to a
discrete location of one or more microfluidic chips that are connected to chip stations on the thermal regulator

device.

[00131] Figure 16 illustrates an embodiment of the instrument 1601 of the invention including four
microfluidic chip assemblies 1602 attached to the instrument, with electrical circuits for the thermal regulators
1603 connected to an in/out connection 1605. Pneumatic conduits 1605 are fed through pneumatic ports 1606
to pneumatic actuators 1607 to control the valves and ports of the microfluidic chip. The four microfluidic
chip assemblies are shown as positioned parallel to one another. The microfluidic chip assemblies can be

secured to the instrument 1601 by hand-operated screws, levers, or latches.

[00132] Figure 17 illustrates a partial view of an embodiment of the instrument, including a magnet assembly
operably connected through the thermal regulator, in relation to the chip stations. The device can have an array
of four magnets 1701 held in parallel orientation by brackets 1702, with two chip stations 1703 located
adjacent to two of the magnets. Connecting rods 1704 of the magnet assembly pass through the thermal
regulator 1705 to brackets that hold the magnets, to move the magnets into or away from a functional position
relative to the microfluidic chips in response to the actuator. The magnet assembly can move orthogonally

with respect to the plane of the microchip and/or in an up-and-down direction.
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{00133] The instrument can be programmed to operate the actuator to move the magnet assembly into or away

from one or more microfluidic devices that are attached to the instrument. The actuator can be moved in
response to commands from a microprocessor, computer, or switch of the instrument. In the embodiments, the
instrument can be programmed with different assay profiles to move the magnet assembly into various
positional configurations as a function of time or assay steps, depending on the assay to be performed. In other
embodiments, the magnet assembly can be directly controlled by the operator through inputs to a

microprocessor, computer, or switch device.
[00134] 1. Magnets of the magnet assembly

[00135] The magnet of the magnet assembly can be a permanent magnet, an electromagnet, or a rare earth
magnet. The magnet can further comprise a shield (Figure 18). The magnet can have dimensions so that it
exerts a magnetic field across a plurality of fluidic circuits in a chip, e.g., circuits arranged geometrically in
parallel (e.g., Figure 7). Magnet 1801 has a long dimension 1802, an intermediate dimension 1803 and a short
dimension 1804, and is substantially rectangular in shape. The long and short dimensions define pairs of faces
defining north 1805 and south magnetic poles 1806. The shield 1807 contacts two faces of the magnet,
bridging the long and short dimensions. The magnet can be oriented within the magnet assembly such that in
one embodiment the north pole faces up in relation to the chip station and the south pole faces down, and in

another embodiment the south pole faces up and the north pole faces down.

[00136] The magnets exert a magnetic force, which, in the case of a permanent or rare earth magnet, can be
constant, or can be induced by application of an electrical force to the magnet in the case of an electromagnet.
The shield 2002 comprises materials that distort or direct the magnetic field 2003 or flux of the attached
magnet 2001. The shield can be comprised of materials with a higher permeability to magnetic fields than air,
resulting in the magnetic field lines traveling the path of least resistance through the higher permeability shield
material, leaving less magnetic field in the surrounding air. The shield can be comprised of nickel, iron, steel,
or various alloys thereof. In one embodiment, the shield comprises 1010 stainless steel. In addition, the shield
may comprise various alloys of iron, nickel and cobalt including but not limited to Alnico and Permalloy. In
one experiment, the effects of attaching a steel shield to an N42 magnet were tested. The N42 magnet had an
average magnetic force density of 16.6 T#m (Tesla 2/me:ter) and a maximum force density of 27.7 T%/m. When
a steel shield of 0.050” thickness was attached to the N42 magnet, the average force density increased to 67.3

T%m, while the maximum force density was 138.9 T?/m.

[00137] In one embodiment, the magnets and shields of the invention are configured such that the magnetic
field is distorted, with field lines substantially focused and compressed within the shield, with other field lines
radiating above and away from the shield and returning to the opposite pole, as shown in Figure 20.
Accordingly, in the embodiments the shielded magnet can be positioned by the instrument such that the
maximum intensity of the magnetic field force can be focused within a region of the microfluidic chip when
placed in the functional position, and can also be retracted to substantially remove the influence of the
magnetic field on the microfluidic chip.

[00138] The magnet and attached shield can be configured to provide a focused magnetic field density within
the functional position of at least about 15, at least about 20, at least 25, at least about 30, at least about 50, at
least about 140, or at least about 160 T%/m.
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[00139] 2. Magnet assembly and microfluidic devices
[00140] The instrument of the invention can comprise a magnet assembly, a thermal regulator and microfluidic
chip stations with microfluidic chips operably attached. Figure 19 is a partial view of an embodiment of the
instrument, illustrating a non-limiting example of the relative positions of various components. The instrument
of the example is shown with four chip stations 1901 with three manifolds and chips 1902 attached. The
heating elements 1903 of the thermal regulator are located under the extended region, or shelf, of the
microfluidic chip, and are fed by controlled electrical circuits. The magnets 1904 are located in a slot adjacent
to the heating elements with the attached shield oriented on the magnet face opposite the heating element. The
magnet assembly can move the magnets up and down in the slot, to place them or remove them from the
functional position. In this illustration (Fig. 19), the magnet in the view has the north pole oriented up. In this
embodiment, the magnets of the magnetic assembly would be configured, in order, with alternating orientations
of north, south, north, and south poles facing up, towards the chip station. In another embodiment, the first
station could be configured with the south pole of the magnet facing up, with the remaining magnets

configured, in order, north, south, north.

[00141] The invention further provides that the magnets of the magnet assembly can be moved from a distant
position into a functional position, or capture position, in close proximity to a region of the microfluidic station
that comprises one or more capture chambers/valves (see 40, Figure 6). In one embodiment, the magnetic
assembly is configured to move the magnets to a close position within about 0.1, 0.2, 0.3,0.4,0.5,0.7, 1,2, 4,
6, or 8 mm of a capture chamber/valve region of a microfluidic station. In another embodiment, the magnetic
assembly is configured to move the magnets to a close position within about 0.1, 0.2, 0.3, 0.4,0.5,0.7, 1, 2, 4,
6, or 8 mm of a region of each of a plurality of microfluidic stations with attached microfluidic chips
comprising a plurality of adjacent capture chamber/valves. In another embodiment, the magnetic assembly is
configured to move the magnets to a location that provides a focused magnetic field force, or flux, to a
substantially linear region across each microfluidic chip attached to a station, wherein the microfluidic chip
comprises a plurality of adjacent fluidic channels, each with one or more capture chamber/valves. In one
embodiment, each microfluidic chip comprises 24 adjacent fluidic circuits with at least one capture
chamber/valve in each circuit. In another embodiment, the magnetic assembly is configured to move the
magnets from the functional, or capture position to a distant, or release position that substantially withdraws or
reduces the focused magnetic force in the capture chamber/valve region of the one or plurality of microfluidic

circuits of microfluidic chips of each chip station.

[00142] In one embodiment, the magnetic assembly is configured to move the magnets to a functional position
that provides a focused magnetic force, or flux, to a region of four microfluidic chips that are that each
operably attached to a chip station of the instrument. In another embodiment, the magnetic assembly is
configured to move the magnets to a location that substantially removes the focused magnetic force, or flux,
from the functional positions of a plurality of microfluidic chips. In another embodiment, the magnetic
assembly is configured to move the magnets to variable positions in relation to the chip station, as required by

the assay parameters.
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[00143] 3. Use of the magnetic assembly and microfluidic devices
[00144] The magnet assembly can be used, for example, in the movement, capture, confinement, and release of
reagents, samples, and analytes in association with particles, for example, magnetic or paramagnetic beads or
particles, that are used in assays and procedures that employ the microfluidic chip device and the instrument.
The magnet assembly is particularly useful in the capture, confinement and release of particles within a capture
chamber/valve 40 of the microfluidic chip (Figure 6). The capture chamber/valve can be created as an area, or
opening, within two glass microfluidic layers with a deformable membrane layer, such as polydimethyl
siloxane (PDMS) but which does not have a valve seat. A microfluidic chip can comprise a capture
chamber/valve connected to two or more microfluidic channels in each microcircuit of the microfluidic chip.
The deformable layer can be in one of three positions; a first deformed position, a neutral position, and a
second deformed position. By application of a positive or negative pneumatic force to the channel that controls
the valve. The pneumatic (or elastomeric) layer that spans the valve is deformed into the first or the second
deformed position. When the membrane is deformed in a first direction, the volume area of the chamber
increases such that the rate of flow of liquids across the chamber decreases relative to that in the microfluidic '
channels connected to the chamber. In one embodiment, when the membrane is deformed in a first direction
and the magnet assembly is moved into the functional, or capture position, magnetic or paramagnetic beads or
particles that enter the chamber are substantially retained within the chamber due to the slower rate of flow and
the focused magnetic field within the chamber. In another embodiment, when the pneumatic force is
withdrawn, the membrane returns to a neutral, or non-deformed position such that the rate of fluid flow across
the chamber increases, which may overcome the magnetic resistive force retaining the beads. In another
embodiment, when the pneumatic force is withdrawn (returning the membrane to the neutral position) and the
magnet assembly is withdrawn to the distant, or release position and fluid flow is introduced into the chamber,
the beads are not retained within the chamber and move with the fluid flow to other regions of the microfluidic
chip. In another embodiment, when the magnet assembly is moved to the release, or distant position and the
membrane of the capture chamber/valve is deformed in a second deformed direction by pneumatic force, the

valve acts as a pump to move fluid and any beads that may be in the chamber into a microfluidic channel.

[00145] The capture chamber/valve may be used in conjunction with the magnet assembly for the capture of
beads or particles and subsequent processing of materials or analytes associated with the beads. Accordingly,
the beads may first be captured by the deformation of the membrane, the moving of the magnet assembly into
the functional, or capture position, and the introduction of magnetic or paramagnetic beads or particles into the
chamber by controlled fluid flow in the microfluidic channel. In one embodiment, the captured beads and any
attached analyte or substrate may be washed by the introduction of fluid into the chamber that does not
overcome the restraining force of the magnetic field holding the beads within the capture chamber. In another
embodiment, reactants, labels, or other assay materials or reagents can be introduced into the capture chamber
restraining the captured beads for reaction of analytes, reactants or substrates associated with the beads. In
another embodiment, analytes, labels, or other reactants can be dissociated from the captured or restrained
beads by introduction of other materials, liquids, or temperature controlled solutions from other regions or
reservoirs of the microfluidic chip into the captured chamber with the captured beads. The invention provides

for combinations of the various embodiments of capture, introduction of solutions and reagents, and release of
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bound or unbound analytes by various permutations of pneumatic control of the capture chamber/valve,

position of the magnetic assembly, and flow of fluid from the microfluidic channels.

[00146] In some embodiments the beads may comprise binding moieties linked to a substrate, including, but
not limited, antibodies, Fc fragments, Fab fragments, lectins, polysaccharides, receptor ligands, DNA
sequences, PNA sequences, siRNA sequences, or RNA sequences. In another embodiment, one or more
regions of the microstructure may comprise beads, such as magnetically responsive beads or particles. In some
embodiments the beads may comprise binding moieties, including, but not limited, antibodies, Fc fragments,
Fab fragments, lectins, polysaccharides, receptor ligands, DNA sequences, PNA sequences, siRNA sequences,
or RNA sequences. In some embodiments the magnetically responsive particles have dimensions smaller than
600nm, such as 590 nm, 580 nm, 570 nm, 560 nm, 550 nm, 540 nm, 530 nm, 520 nm, 510 nm, 500 nm, 490
nm, 480 nm, 470 nm, 460 nm, 450 nm, 440 nm, 430 nm, 420 nm, 410 nm, 400 nm, 390 nm, 380 nm, 370 nm,
360 nm, 350 nm, 340 nm, 330 nm, 320 nm, 310 nm, 300 nm, 290 nm, 280 nm, 270 nm, 260 nm, 250 nm, 240
nm, 230 nm, 220 nm, 210 nm, 200 nm, 190 nm, 180 nm, 170 nm, 160 nm, 150 nm, 140 nm, 130 nm, 120 nm,
110 nm, 100 nm, 90 nm, 80 nm, 70 nm, 60 nm, 50 nm, 40 nm, 30 nm, 20 nm, or 10 nm. In some embodiments
the magnetically responsive beads comprise an iron compound. In one embodiment the magnetically

responsive beads is a ferrite bead.

[00147] In some embodiments, a magnetically responsive particle, e.g., a magnetic or paramagnetic bead or
particle has a diameter that is between 10-1000 nm, 20-800 nm, 30-600 nm, 40-400 nm, or 50-200 nm. In
some embodiments, a magnetically responsive particle, e.g., a magnetic or paramagnetic bead or particle has a
diameter of more than 10 nm, 50 nm, 100 nm, 200 nm, 500 nm, 1000 nm, or 5000 nm. The magnetic or
paramagnetic beads can be dry or suspended in a liquid. Mixing of a fluid sample with a second liquid medium
containing magnetic or paramagnetic beads can occur by any means known in the art including those described
in U.S. Ser. No. 11/227,469, entitled “Methods and Systems for Fluid Delivery.”

[00148] In some embodiments, when an analyte in a sample (e.g., analyte of interest or not of interest) is
ferromagnetic or otherwise has a magnetic property, such analyte can be separated or removed from one or
more other analytes (e.g., analyte of interest or not of interest) or from a sample depleted of analytes using a
magnetic field. For example, a first analyte is coupled to antibodies that specifically bind the first analyte and
wherein the antibodies are also coupled to magnetically responsive particles, e.g., magnetic or paramagnetic
beads or particles. When a mixture of analytes comprising the first analyte- magnetic or paramagnetic bead
complex and a second analyte are delivered into a magnetic field, the first analyte- magnetic or paramagnetic
bead complex will be captured while other cells continue to migrate through the field. The first analyte can

then be released by removing the magnetic field.

[00149] In some embodiments, when an analyte desired to be separated (e.g., analyte of interest or not of
interest) is not ferromagnetic or does not have a magnetic property, magnetically responsive particle, e.g., a
magnetic or paramagnetic bead or particle can be coupled to a binding moiety that selectively binds such
analyte. Examples of binding moieties include, but are not limited to, lectins, polypeptides, antibodies, nucleic
acids, etc. In preferred embodiments, a binding moiety is an antibody or antibody fragment (such as Fab, Fc,
sfv) that selectively binds to an analyte of interest (such as a red blood cell, a cancer cell, a sperm cell, a nuclei,

a chromosome, a white blood cell, an epithelial cell, a bacterium, a virus or fungi). Therefore, in some
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embodiments magnetically responsive particle, e.g., a magnetic or paramagnetic bead or particle may be

decorated with an antibody (preferably a monoclonal antibody).

[00150] Magnetically responsive particles may be coupled to any one or more of the microstructures disclosed
herein prior to contact with a sample or may be mixed with the sample prior to delivery of the sample to the

device(s).

[00151] In some embodiments, the systems herein include a reservoir containing a reagent (e.g., magnetic or
paramagnetic beads) capable of altering a magnetic property of the analytes captured or not captured. The
reservoir is preferably fluidly coupled to one or more of the microstructures disclosed herein. For example, in
some embodiments, a magnetic reservoir is coupled to a size-microchannel and in other embodiments a
magnetic reservoir is coupled to a capture region. In one embodiment, the samples can be moved to wells 80
and magnetically responsive particles, e.g., magnetic or paramagnetic beads or particles and binding moiety
introduced and then further moved to a capture chamber region 40 with the magnetically responsive particles,
e.g., magnetic or paramagnetic beads or particles, and captured by application of a magnetic field when the
magnetic assembly is moved into the functional position. The on-chip MOVe pumps, e.g., 10, 20 and 30 move
the beads with bound analyte, e.g., purified nucleic acids, which can be removed from one of the removal ports
90 or can be released by the local application of heat by moving the beads back into the serpentine channels of

the extended region and use of the heating elements.

[00152] Once a magnetic property of an analyte has been altered, it may be used to effect an isolation or
enrichment of the analyte relative to other constituents of a sample. The isolation or enrichment may include
positive selection by using a magnetic field to attract the desired analytes to a magnetic field, or it may employ
negative selection to attract an analyte not of interest. In either case, the population of analytes containing the
desired analytes may be collected for analysis or further processing by first or sequentially concentrating the
material attached to the beads or particles in the capture chamber/valve by moving the magnetic assembly into
the functional position at an appropriate step of the assay procedure. The magnetic assembly can then be
removed from the functional position, releasing the beads or particles. The beads or particles with associated
analyte moved to a collection reservoir by operation of the pumping valves of the microfluidic device. In
another embodiment, the beads or particles can be moved into a region of the microfluidic device for the
addition and mixing of other reagents, and moved back into the reaction zone of the extended region for further
processing or chemical reaction steps; e.g., PCR. The resulting reactants can then be collected or separated, as
desired, by appropriate application of fluidic pressure from the fluidic device and/or magnetic field force from

the magnetic assembly.
[00153] III. Methods of Use

[00154] The devices of the invention can be used to perform one or more reactions. The reactions can require
mixing, heating, magnetic capture, or a variety of other actions. In some embodiments of the invention, a
microfluidic device can be used to combine one or more samples and one or more reagents in a microfluidic
channel. The samples and reagents can then be mixed using the devices and methods of the invention and then
incubated at a desired temperature to perform a particular reaction, e.g., an enzymatic reaction. The reaction
products are then immobilized to magnetically responsive particle, e.g., magnetic or paramagnetic beads or

particles that can be separated from a surrounding solution by a magnet.
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[00155] A. Mixing
[00156] The devices described herein can be used to mix one or more fluids. A fluid to be mixed can be a
liquid such as an aqueous liquid and/or a solution containing solid particles such as glass beads or magnetic
particles such as magnetic or paramagnetic beads. The fluids can be mixed in a channel, a microfluidic

channel, a microchannel, a chambers, a valve, or in other structures.

[00157] The fluids can be mixed by convective and/or diffusive forces. For example, a valve can be used to
induce turbulent conditions that allow for two fluid mixtures to become mixed. This can be accomplished by
actuating the valve in a manner, e.g., closing and/or opening the valve, such that the velocity of the fluids
contained within the valve to move at a rate sufficient for turbulent conditions and two fluids contained within
or that are proximal to the valve to become mixed by convective forces. Diffusive mixing can be enhanced by
increasing incubation time between two or more fluids or increasing the interfacial area between the two or
more fluids. Incubation times can be increased by reducing flow rate through the device or by the use of

serpentine channels or other chambers.

[00158] Interfacial area between two fluids can be established by alternatively injecting boluses of the two
fluids into a channel. This can create an arrangement of stacked boluses as shown in Figure 29, where A
indicates a bolus of a first fluid, B indicates a bolus of a second fluid, and interfacial areas are between the
regions indicated by A and B. The boluses can be boluses of one or more fluids to be mixed. The boluses can
have a volume of about, up to about, less than about, or greater than about 1000, 750, 500, 400, 300, 200, 100,
50, 25, 20, 15, 10, 5,4, 3,2, 1,0.5,0.25,0.175, 0.1, or 0.08 pL. The distance between interfacial areas of the
boluses of fluid can be about , up to about, or less than about 1000, 500, 250, 200, 150, 100, 75, 50, 25, 20, 15,
10, 5, 2, 1 or 0.1 microns. The distance between interfacial areas of the boluses of fluid can be up to about or
less than about 0.1, 1, 10, 100, or 1000 times the expected displacement distance of a molecule, due to
diffusion, contained within the solution in 0.1, 1, 10, or 100 seconds. The boluses can be injected into a mixing

channel by movement of a diaphragm valve that has a desired displacement volume, as described herein.

[00159] Movement of fluid within the microchannel can be under laminar flow conditions. Laminar flow
conditions can be evaluated by determining the Reynolds number. The microchannel can have dimensions that
allow for laminar flow. The diameter of the microchannel can be about, up to about, or less than about 5000,
2000, 1000, 750, 500, 400, 300, 200, 100, 75, 50, 25, 20, 15, 10, 5, 2, 1, 0.5, or 0.25 microns. The
microchannel can have a cross-sectional area between approximately 10 to 20,000,000, 20 to 10,000,000, 40 to
5,000,000, 80 to 2,500,000, or 100 to 1,000,000 microns squared.

[00160] Because boluses of fluid are positioned adjacent to each other, the interfacial area between boluses of
fluid can increase as the boluses move down the microchannel, as shown in Figure 29. In Figure 29, the
interfacial areas between boluses of a first fluid A and boluses of a second fluid B are indicated as 101, 103,
104, 105, and 106, which indicate the change in amount of interfacial area as the boluses are moved in a
downstream direction. Without being limited to theory, the rate of fluid flow near the walls of the
microchannel may be slower than the rate of fluid flow further away from the walls of the microchannel, e.g.,
the center of the microchannel. The shape of the boluses can change as they travel down the microchannel and

the interfacial area can increase.
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[00161] Accordingly, two liquids can be mixed by stacking alternating boluses of the liquid adjacent to one

another in a channel, and moving the stacked liquids through the channels. In another embodiment, the stack
of boluses can be drawn into a pumping chamber, e.g., a diaphragm valve with a large valve chamber
downstream of the boluses, and then pumped out of the valve. When the boluses are smaller than volume of

the valve, a stack of several boluses enter the valve and are further mixed with the pump stroke.

[00162] In certain embodiments, the valves pump a volume of less than 300 nl, e.g., around 250 nl, and the
channels have diameters of less than 500 nm, e.g., around 350 nm. If, for example, 1 ml of each fluid is to be
mixed, they can be pumped in alternating pump strokes of diaphragm valves until the entire volume is

consumed.

[00163} In comparison, two fluids can be injected simultaneously into a microchannel, such that the interfacial
area between the two fluids may not change as the two fluids are moved under laminar flow conditions in a

downstream direction in a microchannel.

[00164] The microchannel can have a regular or irregular shape such that the cross-sectional area of an
upstream portion of the microchannel is different, increased, or decreased than that of a downstream portion of
the microchannel, as described herein. The microchannel shape can facilitate mixing within the microchannel.
In some embodiments, a microchannel can have an elastomeric layer as a wall such that the actuation of the
elastomeric layer can allow for a variable cross-sectional area of the channel. Movement of the elastomeric

wall can induce turbulence or otherwise increase the interfacial area between fluids to be mixed.

[00165] The boluses of various liquids can be placed adjacent to each other in a microfluidic channel using the
devices of the invention. For example, the arrangement of channels and valves shown in Figure 21 can be
incorporated into a microfluidic chip and used to mix two fluids. Referring to Figure 21, a first channel 107
can contain a first fluid and a first valve 507, a second channel 108 can contain a second fluid and a second
valve 5085, and the two fluids can be combined in a mixing channel 110 with two valves 511 and 513. Valve
$11 can be a pumping valve and valve 513 can be an exit valve. Valves 507, 511, and 513 can be used to
pump the first fluid into the mixing channel while valve 505 is closed and valves 505, 511, and 513 can be used

to pump the second fluid into the mixing channel while valve 507 is closed.

[00166] The pumping sequence for positioning boluses of a first fluid adjacent to a second fluid in a
microfluidic channel can be as follows. Initially, the valves can be closed and that the first channel can be
fluidically connected to a first source containing the first fluid and the second channel can be fluidically
connected to a second source containing the second fluid. The first fluid and second fluid can be different.
The first fluid can be moved toward the exit valve, and/or into the mixing channel, by opening valve 507 (first
valve) and then opening valve 511 (pumping valve). The displacement volume of the pumping valve can be 1,
1.5,2,5, 10, 20, or 50 times greater than the first, the second, or the exit valves. The first valve can then be
closed simultaneously with the opening of the exit valve. Alternatively, the first valve and exit valve can be
actuated at almost the same time or sequentially. The pumping valve can then be closed, moving the first
liquid toward the exit valve. The exit valve can then be closed. The second fluid can be moved into the mixing
channel in a manner similar to the movement of the first fluid, except the second valve is used in combination
with the pumping valve and the exit valve instead of the first valve with the pumping valve and the exit valve.

The second valve can be a flow-through valve. The opening and closing of the valves described herein can
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cause turbulent flow. The total volumetric flow of fluid using the methods and devices described herein can be

between approximately 0.0001 to 1000, 0.001 to 100, or 0.01 to 10 pL/sec.

[00167] The isolated portion of the fluidics layer finds use as a heating and or cooling area in which the
temperature of fluids in fluidic channels therein can be regulated. This can include thermal cycling for

processes such as PCR or cycle sequencing.

[00168] The microfluidics device and the thermal regulator have utility in the preparation, processing and
recovery of samples in which biochemical or chemical reactions are performed. The use of the devices of the
invention permits regulation of biochemical and chemical of fluid samples where thermal control is desired.
The programmable features of the thermal regulator and the ability to attach and have in thermal contact the
arrays of reaction zones of the extended shelf region of the microfluidic device permits the processing of

multiple samples under conditions and with volumes useful for many assays and procedures known in the art.

[00169] In some embodiments, the various chips can split input samples into the appropriate number of
reactions (dependent upon the degree of multiplexing achieved) using the MOVe routers and adding reagents,
such as PCR master mix containing internal standards. Samples for archiving and retesting can be aliquoted
using an input MOVe router and then samples from any positive Real-Time PCR reactions can be selected and

retrieved.
[00170] B; Biochemical Reactions

[00171] The systems of the invention have utility in sample preparation and analysis in a variety of fields in the
art, including without limitation for many fields such as DNA sequencing, microarray sample preparation,

genotyping, gene expression, biodefense, food monitoring, forensics, proteomics and cell biology.

[00172] In one embodiment, the system comprising the microfluidics chip device and the thermal regulator can
be used to prepare samples for automated cycle nucleic acid sequencing and cleanup for analysis by such
methods as Sanger sequencing. The microfluidics device can be configured to receive assay samples, reaction
reagents, binding moieties, detection labels, and programmed to deliver measured aliquots of sample and
reagents into mixing zones and then pumped into the microchannels of the isolated region, described herein, for
incubation and thermal cycling. The thermal regulator can be used to thermally regulate the isolated region of

the microfluidic device and, hence, the samples located in the channels therein.

[00173] In some embodiments, a fluidic sample can be reintroduced from the first region back into the isolated
region after the addition or removal of reagents or analytes for initiation, incubation under various thermal

conditions, including thermal cycling, or termination of successive biochemical or chemical reactions.

[00174] The thermal regulator can be programmed to pass through a predetermined temperature cycle
corresponding to the denaturation, annealing and elongation steps in a polymerase-dependent reaction, such as
is used in the art for amplification of DNA in PCR and cycle sequencing preparation of DNA for subsequent
analysis. The thermal regulator can be used to alter the temperature of within the isolated region of the
microfluidic chip device, which can allow for temperature controlled reactions within the microfluidic chip
device. For example, in the thermal denaturation step, the microprocessor is programmed to signal the
regulator to control the thermal regulators to raise the temperature of the device and the corresponding isolated

region of the microfluidic device in contact with the temperature regulation transfer device to about 95° C so
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that the double-stranded DNA is denatured into a single-stranded DNA. In the subsequent annealing step, the

thermal regulators and/or the cooling fans are set to lower the temperature of the device to about 55° C so that
the primers cause the single-stranded DNA to bind to its complementary base sequence. In the DNA extension
step, the thermal regulators are set to raise the internal temperatures of the respective reaction regions to about
72° C so that using the primers as starting points of DNA synthesis, a DNA polymerase reaction is allowed to
proceed to have complementary DNA extended. In use, the device of the present invention allows shortened
time periods (ramp times) between the temperatures at each step, permitting rapid cycle times for the

processing of samples.

[00175] In one embodiment, the microfluidics device can be programmed to introduce the samples and
reagents into the isolated region and then move them into a recovery region after the reaction is complete to
permit withdrawal of the sample for subsequent analysis. In another embodiment, the microfluidics device can
be programmed to move the reacted sample into a reservoir or a fluid zone and add additional reaction reagents
and reintroduce the sample into the isolated region for additional reaction. In other embodiments, the
microfluidics device can be programmed to move the reacted sample into a reservoir or a fluid zone and add
capture reagents and then move the sample into a capture region for the physical separation of analytes of
interest; e.g., through the use of a magnetic field to capture magnetic or paramagnetic beads or particles coated
with binding moieties. In other embodiments, the microfluidics device can be programmed to move the reacted
sample into a reservoir or a fluid stream and add detection reagents or moieties and then move the sample into
a recovery region to permit withdrawal of the sample for subsequent analysis. A detection device, such as
laser induced fluorescence Raman, Plasmon resonance, immunocapture and DNA analysis devices known in
the art, can be used to interrogate the sample in a MOVe valve or within the channel of the shelf region or other
part of the microfluidic device. See, e.g., WO 2008/115626 (Jovanovich). A microfluidic device having a
monolithic (i.e., single) membrane is one example of a particularly suitable device for implementing a

detection system on a chip. According to various embodiments, the detection system can also include
immunocapture and DNA analysis mechanisms such as polymerase chain reaction (PCR), and capillary

electrophoresis (CE) mechanisms.

[00176] FIG. 6 shows an example of microfluidic device that can be used to prepare samples for cycle
sequencing nucleic acid analysis. In this design, nucleic acid samples introduced into wells 80 can be moved
and mixed at MOVe valve 20 with cycle sequencing reagents and enzymes introduced into well 70 and
pumped by actuation of valves 10, 20, 30, and 40 into the serpentine channel 60 of the isolated region.
Alternatively, valves 10, 20, 30, and 50 may be used for pumping. The mixing of the reagents and samples can
be performed as described herein. Plurality of boluses of reagents and sample can be sequentially and/or
alternately moved into a microfluidic channel of the microchip by alternatively using sets of pumping valves to
move the reagent (valves 10, 30, and 40) and sets of pumping valves to move the sample (valves 20, 30, and
40). The reagents and samples can be combined in valve 20 and become mixed before reaching valve 40. The
mixed reagents and samples can then be pumped into the serpentine channel 60 which is located on an isolated
region of the microfluidic device. Because the isolated region is in thermal contact with the thermal regulator,
the samples introduced into the reaction region of the shelf can be heated or cooled under controlled conditions
selected by the operator. The reagents and sample can undergo thermal conditions for cycle sequencing. In

one embodiment, the sample can be introduced through valves into the shelf region and the valves surrounding
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the chamber, e.g., 40 and 50, can be closed for thermal cycling or other thermally-controlled reaction

conditions of the samples by the thermal regulator. The excellent volume-to-surface ratio and approximately
100-fold longer pathlength benefits the sample preparation biochemistry and temperature regulation by the
higher volume-to-surface ratio. After cycle sequencing, the samples and/or reaction mixture can be moved to
wells 80. Magnetically responsive particles, such as magnetic or paramagnetic beads or particles that may have
binding moieties can be introduced to well 80 such that the sample and/or reaction mixture are mixed with the
magnetically responsive particles, e.g., magnetic or paramagnetic beads or particles. In some embodiments of
the invention, the magnetically responsive particles, e.g., magnetic or paramagnetic beads or particles are
coated with carboxyl groups and can adsorb nucleic acids. The magnetically responsive particles, e.g.,
magnetic or paramagnetic beads or particles with adsorbed nucleic acid can then be further moved to a capture
region 40, and be captured by application of a magnetic field. The capture of the beads by the magnetic field
can be accompanied by a deformation of the capture valve. The magnetic field can be applied by actuation of
the magnetic assembly described herein. The capture valve can be deformed such that the chamber size is
increased. The increased size of the capture valve can reduce the flow velocity through the chamber. The
magnetically responsive particles, e.g., magnetic or paramagnetic beads or parlticles can be washed while the
beads are captured by the magnetic field. The on-chip MOVe pumps, e.g., 10, 20, 30, and 40 can move the
beads, which may be washed with a buffer, with bound purified nucleic acids. The beads can be moved to one
of the removal ports 90. Alternatively, nucleic acids can be released from the beads by the local application of
heat or eluted with water or a buffer. The beads can be held in the chamber while the eluted product is moved

to one of the removal ports 90.

[00177] In another embodiment, the device is programmed to integrate multiple steps of reactions for DNA
sequencing applications. Common reagent reservoir 70 is loaded with cycle sequencing reagents which are
mixed with DNA containing samples loaded into sample reservoirs 80 with the samples being in one
embodiment PCR, plasmid, or other nucleic acid amplification products that are to be sequenced. The mixture
containing the sample and cycle sequencing reagents can be moved by the programmable fluidics using
microvalves to a reaction chamber 60 located on the extended shelf region of the device where cycle
sequencing reactions are performed using thermal cycling. The cycle sequencing products can then be moved
to Product reservoirs 90 for movement off the device for further processing or in a preferred embodiment the
cycle sequencing products are moved to a reservoir and beads such as Agencourt SPRI beads are added to the
cycle sequencing products with appropriate chemistry to have the desired cycle sequencing products bound to
the beads to separate the products from the salts and unincorporated dye labeled terminators or. primers. It is
obvious to one skilled in the art that rather than binding the cycle sequencing products to the beads the reverse
can be performed where the cycle sequencing products are left in solution and the salts and unincorporated
dyes are bound to the beads. The term bead is used without restriction to include particles, paramagnetic

particles, nanoparticles, monoliths, gels, gels with affinity capture property or non-specific properties.

[00178] If the bead and cycle sequencing products were contained in reservoir 80 the combined mixture is
pumped through microvalves 20 and 30 to microvalve 40 which may be opened and have a fixed or movable
magnet in proximity. The beads such as SPRI beads which are paramagnetic are captured as the flow slows
down in the opened microvalve and the beads are captured in the magnetic field. For example, the valve can be

opened and a magnet, such as comprised in magnet assembly of this invention can be moved into a functional
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position close to the valve so that beads passing into the chamber are captured by the magnetic force exerted by

the magnet.

[00179] Fluids such as ethanol may be added to reservoirs to then process the beads and remove the undesired
impurities such as salts and unincorporated dye labeled reactants. The magnet can then be removed to release
the force on the beads. The beads may be then pumped to product reservoirs 90 or the cycle sequencing
products can be eluted into water which is then pumped to product reservoirs 90. For cycle sequencing the
eluted products are ready to be analyzed on a separate device such as a CAE or microchip with separation. It is
obvious to one skilled in the art that the different reservoirs may have other configurations and a single sample
can be added to reservoirs 70 and multiple reagents may be added to reservoirs 80 to perform three different

reactions on a single sample.

[00180] While preferred embodiments of the present invention have been shown and described herein, it will
be obvious to those skilled in the art that such embodiments are provided by way of example only. Numerous
variations, changes, and substitutions will now occur to those skilled in the art without departing from the
invention. It should be understood that various alternatives to the embodiments of the invention described
herein may be employed in practicing the invention. It is intended that the following claims define the scope of
the invention and that methods and structures within the scope of these claims and their equivalents be covered

thereby.
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CLAIMS
WHAT IS CLAIMED IS:
1. = A microfluidic device comprising:
(a) a fluidics layer comprising fluidic channels;
(b) a pneumatics layer comprising pneumatic channels; and
(c) an actuation layer sandwiched between the fluidics layer and the pneumatic layer,

wherein the device comprises at least one diaphragm valve comprised in the sandwich,
wherein activation of the valve regulates fluid flow in a fluidics channel, and
wherein the device further comprises an isolated portion of the fluidics layer that comprises

microfluidic channels and that is not covered by the pneumatics layer and, optionally, the actuation layer.

2. The device of claim 1, wherein the fluidics layer comprises internal channels and the isolated

portion is not covered by the actuation layer.

3. The device of claim 1, wherein the fluidics layer comprises grooves in a surface of the layer
that function as fluidic channels and in the isolated portion the grooves are covered by the actuation layer or a

layer of another material.

4, The device of claim 1, wherein the isolated portion forms a shelf that extends beyond an edge

of the sandwich.

5. The device of claim 1, wherein the fluidic channels in the isolated portion comprise a plurality
of curves.

6. The device of claim S, wherein the fluidic channels in the isolated portion form a serpentine
shape.

7. The device of claim 1, wherein the fluidic channels within the isolated portion of the fluidic

layer have an aspect ratio of height to width of less than 0.2, 0.5, 0.75, 1, or 2.

8. The device of claim 1, wherein the isolated portion of the fluidics layer is between about %

and about 1/100 of the area of the entire fluidics layer.

9. The device of claim 1, wherein the fluidics layer is comprised of glass.
10. The device of claim 1, wherein the actuation layer comprises PDMS.
11. The device of claim 1, wherein fluid flow in a plurality of the fluidics channels is regulated by

a single pneumatics channel.

12. The device of claim 1, comprising a plurality of fluidic circuits.
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13. The device of claim 1, further comprising a heat spreader in thermal contact with the isolated
portion.

14. The device of claim 1, wherein the isolated portion is in thermal contact with at least a first
thermal regulator.

15. The device of claim 14 wherein the thermal regulator comprises one or more resistive wires.

16. The device of claim 14 wherein a first surface of the isolated portion is in thermal contact with

the first thermal regulator and a second surface opposing the first surface is in thermal contact with a second

thermal regulator.

17. The device of claim 14 wherein a first surface of the isolated portion is in thermal contact with

the first thermal regulator and a second surface is in thermal contact with an insulator.

18. A microfluidic device comprising:
(a) a fluidics layer comprising fluidic channels; and
(b) an actuation layer in contact with a portion of the fluidics layer, wherein the actuation

layer regulates fluid flow in the fluidics channels, and wherein the fluidics layer comprises a portion that is not

in contact with the actuation layer and that comprises microfluidics channels.

19. A microfluidic device comprising first, second, and third glass layers, and an elastomeric
layer, wherein:

(i) the first glass layer is interfaced with the second glass layer and the first and second
glass layers form one or more fluidic channels,

(ii) the elastomeric layer is positioned between the second and third glass layers and the
second glass layer and elastomeric layer form one or more chambers that are in fluid
communication with the one or more fluidic channels; and

(iii) the elastomeric layer and the third glass layer form one or more pneumatic channels,
and further

wherein a first portion of the first and second glass layers are isolated from the

elastomeric layer and the third glass layer.

20. The microfluidic device of claim 19, wherein the isolated portion extends beyond the edge of

the elastomeric layer and the third glass layer to form a shelf.

21. The microfluidic device of claim 19, wherein the one or more chambers have adjustable
volume.

22. The microfluidic device of claim 19, wherein the one or more chambers comprise valves.

23. The microfluidic device of claim 19, wherein the third glass layer does not extend beyond the

elastomeric layer.
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24, The microfluidic device of claim 19, wherein a portion of the first glass layer extends beyond

the elastomeric layer.

25. The microfluidic device of claim 19, wherein the portion of the first glass layer that extends

beyond the elastomeric layer is in thermal contact with a thermal regulator.

26. The microfluidic device of claim 19, wherein the one or more fluidic channels form serpentine
channels.
27. A method for regulating temperature of a fluid in a microfluidic channel comprising:
@) providing a device of claim 1;
(b) moving liquid into a segment of a fluidic channel in the isolated portion; and

(c) regulating the temperature of the liquid while in the fluidic channel in the isolated

portion.
28. The method of claim 27 wherein regulating comprises cycling the temperature of the liquid.

29. An instrument comprising:
(a) a base comprising a thermal regulator; and
(b) a microchip of claim 1 engaged with the base so that the isolated portion of the

" fluidics layer is in thermal contact with the thermal regulator.

30. The instrument of claim 29, wherein the thermal regulator comprises at least one resistive

wire connected to a voltage source.

31. The instrument of claim 30, wherein the at least one resistive wire is attached to the base

through a biasing element that maintains tension on the wire as the wire is heated.

32. The instrument of claim 29, wherein the thermal control device comprises one or more fans

directed to blow air toward or away from the isolated portion.
33. The instrument of claim 29, wherein the thermal control device comprises a Peltier device.

34. An instrument comprising:

(a) a chip station assembly comprising at least one station, each station configured to
engage a microfluidic chip, wherein each microfluidic chip comprises a plurality of microfluidic circuits, each
circuit comprising a chamber; and

(b) a magnet moving assembly comprising:

(i)  amagnet for each station; and
(i)  an actuator configured to move each magnet into a functional position at a
station so as to exert a magnetic force of at least 30 T/m in each of the chambers in the microfluidic chip
when engaged with the station, and wherein the magnetic force is substantially the same in each chamber of the

plurality of microfluidic circuits.

38



WO 2010/077322 PCT/US2009/006640
35. The instrument of claim 34 wherein the chip station assembly comprises a plurality of

stations.
36. The instrument of claim 35 wherein the plurality is 4.

37. The instrument of claim 34 wherein each magnet has a long dimension, an intermediate
dimension and a short dimension, wherein the long and short dimensions define a first pair of faces defining
north and south magnetic poles, and one of the first pair of faces, faces the engaged chip in the functional

position to exert the magnetic force.

38. The instrument of claim 37 wherein each magnet further comprises a shield that contacts a
second face of the magnet defined by the long and intermediate dimension, wherein the shield substantially

directs the magnetic force of the magnet.

39. The instrument of claim 38 wherein the shield also contacts the face of the first pair that does
not face the chip.
40. The instrument of claim 37 wherein the chip station assembly comprises a plurality of

stations, the magnets are substantially parallel to each other and a plurality of the shields contact the second

face on a side that faces another magnet.

41. The instrument of claim 34 wherein each magnet is substantially rectangular.
42, The instrument of claim 34 wherein each station is engaged with a microfluidic chip.
43. The instrument of claim 34 wherein the chambers are diaphragm chambers.

44, The instrument of claim 34 wherein the chambers in each chip are arranged in substantially

linear fashion.

45. The instrument of claim 34 wherein the magnet moving assembly comprises a magnet holder

that holds the magnets and that is moved by the actuator.
46. The instrument of claim 34 wherein the actuator comprises an electric motor.

47. A method comprising moving a magnet into a functional position with respect to a
microfluidic chip, wherein the chip comprises a plurality of microfluidic circuits, each circuit comprising a
chamber; and the magnet exerts, when in the functional position, a magnetic force of at least 30 T>/m in each of

the chambers in the chip, and wherein the magnetic force is substantially the same in each chamber in the chip.

48. The method of claim 47 comprising capturing magnetically responsive particles in each

chamber from a fluid flowing in each circuit with the magnetic force.

49. The method of claim 48 wherein the chambers are diaphragm chambers and capturing

comprises increasing the volume of the chambers by deforming the diaphragm.
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50. The method of claim 47 further comprising moving the magnet out of the functional position

to release the particles.

51. A method for mixing a first liquid and a second liquid comprising:

a) positioning a first bolus of the first liquid adjacent and downstream of a second bolus of the
second liquid within a channel;

b) positioning a third bolus of a third liquid adjacent and upstream of the second bolus of the
second liquid within a channel; and

c¢) moving the first bolus, the second bolus, and the third bolus within the channel in a first
direction under laminar flow conditions, whereby the moving facilitates mixing of the first liquid, the second
liquid, and the third liquid,

wherein one or more pneumatically actuated diaphragm pumps are used for the positioning of
the first bolus, the second bolus, and the third bolus within the channel, and wherein the first liquid and second

liquid are different.

52. The method of claim 51, wherein the first bolus and/or the second bolus have a volume that is
less than about 1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3,2, 0or 1 pL.

53. The method of claim 51, wherein the channel has a cross-sectional area and a length, and the

cross-sectional area of the channel increases or decreases along the length of the channel.

54. The method of claim 51, wherein movement of the one or more diaphragm pumps causes

turbulent flow within the pump.

55. The method of claim 51, wherein one or more diaphragm pumps are used for the moving of

the first and the second bolus within the channel.

56. The method of claim 51, wherein the first and second liquid are aqueous liquids.

57. The method of claim 52, wherein the one or more diaphragm pumps are microfluidic
diaphragm pumps.

58. The method of claim 55, wherein the one or more diaphragm pumps are microfluidic
diaphragm pumps.

59. The method of claim 51, wherein the channel is a microfluidic channel.

60. The method of claim 59, wherein the microfluidic channel has a cross-sectional area between

approximately 20 to 10,000,000 microns squared.
61. The method of claim 51, wherein the first liquid and the third liquid are the same.

62. A method for combining a first liquid and a second liquid in a microfluidic mixing channel

comprising:
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a) providing a device with a first liquid channel and a second liquid channel each fluidically

connected to the microfluidic mixing channel, wherein a first diaphragm valve is positioned within the first
liquid channel, a second diaphragm valve is positioned within the second liquid channel, and a third and a
fourth diaphragm valves are positioned within the microfluidic mixing channel; and

b) using the first, second, third and fourth diaphragm valves to sequentially pump the first
liquid and the second liquid into the microfluidic mixing channel to form a plurality of boluses of first liquid
and second liquid, wherein the first, third, and fourth diaphragm valves are used to pump the first liquid into
the microfluidic mixing channel and the second, third, and fourth diaphragm valves are used to pump the

second liquid into the microfluidic mixing channel, and wherein the first liquid and second liquid are different.

63. The method of claim 62, wherein one or more of the first, second, third, and fourth diaphragm

valves are pneumatically actuated.

64. The method of claim 62, wherein one or more of the boluses have a volume that is less than
about 1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3,2, or 1 pL.

65. The method of claim 62, further comprising moving the plurality of boluses down the
microfluidic mixing channel, whereby an amount of interfacial area between adjacent boluses increases as the

plurality of boluses move down the microfluidic mixing channel.

66. The method of claim 62, wherein the microfluidic mixing channel has a cross-sectional area
and a length, and the cross-sectional area of the microfluidic mixing channel increases or decreases along the

length of the microfluidic mixing channel.

67. The method of claim 62, wherein the opening or closing of one or more of the diaphragm

valves causes turbulent flow within the diaphragm valve.
68. The method of claim 62, wherein the second valve is a flow-through valve.

69. The method of claim 62, wherein the first liquid and the second liquid move in the

microfluidic mixing channel under laminar flow conditions.

70. The method of claim 62, wherein the plurality of boluses are mixed due to moving of the

plurality of boluses down the microfluidic mixing channel.

71. The method of claim 62, wherein the first liquid channel and the second liquid channel are

microfluidic channels.

72. A method for providing a first liquid and a second liquid to a mixing channel comprising the
steps of:
a) providing a device with a first liquid channel and a second liquid channel each fluidically
connected to the mixing channel,
wherein a first valve is positioned within the first liquid channel, a second valve is positioned

within the second liquid channel, a pumping valve is positioned within the mixing channel, and an exit valve is
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positioned downstream of the pumping valve within the mixing channel, and

wherein the first liquid and the second liquid are different;

b) providing the first liquid to the first liquid channel and the second liquid to the second
liquid channel;

¢) configuring the valves such that the first valve is open and the second valve, the pumping
valve, and the exit valve are closed;

d) opening the pumping valve;

e) configuring the valves such that the pumping valve and exit valve are open and the first
valve and the second valve are closed;

| f) closing the pumping valve;

g) configuring the valves such that the second valve is open and the first valve, the pumping
valve and the exit valve are closed;

h) opening the pumping valve;

i) configuring the valves such that the pumping valve and the exit valve are open and the
first valve and the second valve are closed; and

j) closing the pumping valve.

73. The method of claim 72, wherein one or more of the first valve, the second valve, the

pumping valve, or the exit valve are pneumatically actuated.

74. The method of claim 72, wherein step d) moves the first liquid and step h) moves the second
liquid.\\ ‘

75. The method of claim 73, wherein the first liquid and/or the second liquid that is moved has a
volume that is less than about 1000, 750, 500, 400, 300, 200, 100, 50, 25, 20, 15, 10, 5,4, 3,2, or 1 pL.

76. The method of claim 72, wherein steps ¢) through j) are repeated.

717. The method of claim 72, wherein the second valve is a flow-through valve that joins the

second liquid channel to the mixing channel.

78. The method of claim 72, further comprising moving the first and the second bolus within the

mixing channel.

79. The method of claim 78, wherein the moving of the first and the second bolus occurs under

laminar flow conditions.

80. The method of claim 72, wherein the mixing channel has a cross-sectional area and a length,

and the cross-sectional area of the channel increases or decreases along the length of the mixing channel.

81. The method of claim 72, wherein the opening or closing of one or more of the valves causes

turbulent flow within the valve.
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82. The method of claim 72, wherein the first liquid and second liquid have a combined

volumetric flow rate between approximately 0.001 pL/sec to 100 pL/sec.
83. The method of claim 72, wherein the first liquid and second liquid are aqueous liquids.

84, A method of mixing fluids in a microfluidic device comprising:

a) stacking alternating boluses of a first liquid and a second liquid in a microfluidic channel;
and

b) moving the stack of boluses through the channel, wherein the channel is configured so that
moving the boluses increases an area of surface contact between the boluses, promoting mixing of first

and second liquids.

85. The method of claim 84 wherein the boluses are created using successive strokes of a

diaphragm pump comprising three diaphragm valves on the microfluidic device.
86. The method of claim 84 wherein the channel is configured for laminar flow of liquid.

87. A method of mixing fluids in a microfluidic device comprising:
a) stacking alternating boluses of a first liquid and a second liquid in a microfluidic channel;
b) moving the stack of boluses into a chamber of a diaphragm valve, wherein the chamber,
when open, has a volume greater than the volume of at least four boluses; and
¢) closing the diaphragm valve, wherein closing pumps the liquids out of the valve, thereby

mixing the liquids.

88. The method of claim 87 wherein the valve pumps the fluids into a second microfluidic

channel.
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represent a contribution over the prior art of US 2007/0248958 A1 to Jovanovich et al. (25 October 2007) which teaches microfluidic
devices with pneumatically actuated diaphragms used as pumps and valves. See para [0094], [0095]. As the feature was known at the
time, as evidenced by the teaching of Jovanovich, this cannot be considered a special technical feature that would otherwise unify the
groups.
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