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(54) Title: MICROFLUIDIC DEVICES AND METHODS OF MANUFACTURE AND USE

(57) Abstract: Microfluidic devices are provided for conducting fluid assays, for example biological assays, that have the ability to
move fluids through multiple channels and pathways in a compact, efticient, and low cost manner. Discrete flow detection elements,
preferably extremely short hollow flow elements, with length preferably less than 700 micron, preferably less than 500 micron, and
internal diameter preferably of between about 50 +/- 25 micron, are provided with capture agent, and are inserted into microfluidic
channels by tweezer or vacuum pick-and-place motions at fixed positions in which they are efticiently exposed to fluids for conduct -
ing assays. Close-field electrostatic attraction is employed to define the position of the elements and enable ready withdrawal of the
placing instruments. The microfluidic devices feature flow elements, channels, valves, and on-board pumps that are low cost to fab-
ricate accurately, are minimally invasive to the fluid path and when implemented for the purpose, can produce multiplex assays on a
single portable assay cartridge (chip) that have low coefficients of variation. Novel methods of construction, assembly and use of
these features are presented, including co-valent bonding of selected regions of faces of surface-activatable bondable materials, such
as PDMS to PDMS and PDMS to glass, while contiguous portions of one flexible sheet completes and seals flow channels, fixes the
position of inserted analyte-detection elements in the channels, especially short hollow tlow elements through which sample and re-
agent flow, and other portions form flexible valve membranes and diaphragms of pumps. A repeated make-and-break-contact manu -
facturing protocol prevents such bonding to interfere with moving the integral valve diaphragm portions from their valve seats
defined by the opposed sheet member, which the flexible sheet material engages. Preparation of two subassemblies, each having a
backing of relatively rigid material, followed by their assembly face-to-face in a permanent bond is shown. Hollow detection flow
elements are shown fixed
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in channels, that provide by-pass flow paths of at least 50% of the flow capacity through the elements; in preferred implementa-
tions, as much as 100% or more. Metallized polyester film is shown to have numerous configurations and advantages in non-per-
manently bonded constructions. A method of preparing detection elements for an assay comprises batch coating detection ele-
ments, or hollow flow elements by mixing and picking and placing the elements in flow channels ot a microfluidic device, captur-
ing the flow elements by bonding two opposed layers while sealing the flow channels.
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AMENDED CLAIMS
received by the International Bureau on 10 December 2012 (10.12.2012)

1. A microfluidic device for conducting a fluid assay, for example a biological assay,
having a flow channel in which is inserted at least one discrete detection element, in the form of
a flow-receiving reaction vessel, in fixed position that is provided with capture agent, the

element being positioned for exposure to fluid flows within the device for conducting an assay.

2. The device of claim 1 in which the element comprises an extremely short hollow flow

element with length less than about 700 micron.
3. The device of claim 2 in which the length is less than about 500 micron.

4. The device of claim 2 or 3 in which the internal diameter of the hollow flow element

is between about 75 +/- 50 micron.

5, The device of claim 2 or 3 in which the internal diameter of the hollow flow element

is between 50 +/- 25 micron.

6. The device of any of the foregoing claims 1-5 in which the hollow flow element is

inserted into its microflnidic channel by pick-and-place motion.

7. The device of claim 6 in which close-field ¢lectrostatic attraction has been employed
to define the position of the hollow flow element and enable ready withdrawal of the placing

instrument.

8. The device of any of the foregoing claims in which the element comprises a short
hollow flow element of length less than 700 micron, having oppositely directed planar end

surfaces and a cylindrical outer surface extending between those end surfaces.

9. The device of claim 8 in which the length is less than approximately 500 micron.
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10. The device of claim 8 or 9 in which the hollow element is so located and fixed in the
flow channel to permit flow through the element, and by-pass flow of at least equal volume

along the outside of the fixed element.

11. The device of claims 6-10 in which the element is inserted into its microfluidic
channel by pick-and-place motion effected by automated tweezer fingers engaging oppositely

directed portions of the element.

12. The device of claim 11 in which the oppositely directed portions are parallel planar

surfaces.

13. The device of 6-10 in which the element is inserted into its microfluidic channel by

pick-and-place motion effected by automated vacuum pick up.

14. The device of claim 13 in which the vacuum pickup is effected by a device which

engages an outer cylindrical surface of the element.

15. The device of any of the foregoing claims in which flow channel closure, flexible
diaphragm for fluid-actuated valve or on-board pump diaphragm, preferably all three, are
provided by respective portions of a flexible sheet that in other places of substantial area is

joined by bonding to an opposed surface.

16. The device of claim 15 in which the flexible diaphragm sheet is comprised of a non-

elastomeric, non-air-permeable flexible sheet, preferably a polyester film.

17. The device of claim 16 in which the flexible sheet is metallized, preferably with

aluminum, to reflect incident or fluorescent light with respect to detector optics.
18. The device of claim 17 in which the detector is of epi-fluorescence type, and the

metallized sheet is positioned to reflect incident excitation light and fluorescing light associated

with the presence of a desired analyte.
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19. The device of claim 16, 170r 18 in which the flexible non-air-permeable sheet is

bonded face to face with an elastomeric film exposed for contact with the fluid sample.

20. The device of claim 15 in which the flexible sheet comprises elastomer, preferably
PDMS,

21. The device of any of the foregoing claims in which the device is constructed to

conduct multiplex assays within a single portable assay cartridge (chip).

22. The device of any of the foregoing claims in which at least some parts of the device
are joined by co-valent bonding of activated surfaces of bondable material, a
contiguous portion of the same sheet fixing the position of a said detection element in its

flow channel.

23. The device of any of the foregoing claims in which at least some parts of the device
are joined by co-valent bonding of activated surfaces of bondable material, a

contiguous portion of the same sheet forming a flexible pump diaphragm.

24. The device of any of the foregoing claims in which at least some parts of the device
are joined by co-valent bonding of activated surfaces of bondable material, a

contiguous portion of the same sheet forming a flexible valve diaphragm.

25. The device of claim 24 in which the flexible valve diaphragm portion engages a
valve seat originally formed of surface-activated bondable material that has been subjected to a

series of make-and break contacts that interrupt covalent bonding of the valve diaphragm portion

with its opposed seat.
26. The device of any of the foregoing claims in which at least some parts of the device

are joined by co-valent bonding of activated surfaces of bondable material, and respective

contiguous portions of the same sheet seal an open side of a flow channel, fix the position of a
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said detection element in its flow channel, form a flexible pump diaphragm or form a flexible

valve diaphragm, preferably respective portions of the sheet performing all of these functions.

27. The device of any of the foregoing claims in which parts are permanently secured by

co-valent bonding of selected regions of faces of surface-activated bondable materials.

28. The device of claim 27 in which the form of activation is oxidation.

29. The device of claim 27 or 28 in which at least one of the parts comprises surface

activatable clastomer.

30. The device of claim 29 in which the elastomer is PDMS.

31. The device of claim 29 or 30 in which the bond is formed by opposed surfaces of
surface-activated PDMS.

32. The device of claim 30 in which the bond is formed by one opposed surface of
surface-activated PDMS and the other surface is surface-activated glass or polymer other than
PDMS.

33. The device of any of the foregoing claims formed by preparation of two
subassemblies, each having a backing of relatively rigid material and an oppositely
directed face suitable for bonding 1o a mating face of the other subassembly, followed by

bonding the assemblies face-to-face.

34, The device of claim 33 in which the bonding creates a permanent bond, preferably,
in the case of like surfaces, such as of PDMS, a bond of surface-activated
surfaces in which the original structure of mating surfaces is substantially eliminated by

molecular diffusion.
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35. The device of claim 33 in which the bond is separable such as for enabling re-use of

the device.

36. The device of claim 35 in which the bonding is substantially formed by electrostatic

attraction.

37. The device of any of the foregoing claims in which the detection element comprises
a (preferably cylindrical) hollow flow element, the element being substantially uniformly coated

on its inner surface with capture agent for a selected fluid assay.
38. The device of claim 37 in which the capture agent is antibody for conducting ELISA.

39, The device of claim 37 or 38 in which capture agent 1s substantially absent from all
outer surfaces of the detection element, and the detection element is sized, relative to the channel
in which it is inserted, to definc a substantial flow path through the element and a substantial by-

pass flow path along the exterior of the element.

40, The device of any of the foregoing claims in which the detection element is of depth
greater than the depth of an open channel in which it is inserted, and a capturing layer closes and
seals the channel, the capturing layer being elastically deformed by its contact with the detection

clement thereby applying forces thereto that fix the location of the element in the channel,

41. The device of claim 40 in which the capturing layer is co-valently bonded to the

substance defining the open channel.

42. The device of claim 40 or 41 in which the capturing layer and the substance both
comprise PDMS.

43. The device of claim 40, 41 or 42 in which a portion of the capturing layer forms a
valve diaphragm adapted to engage a valve seat formed by opposed material, the portion having
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been subjected to repeated make-and-break-seat-contact manufacturing protocol that interferes

with co-valent bonding of the mating valve surfaces,

44. The device of any of the foregoing claims constructed to perform ELIS biological

assay.

45. The device of any of the foregoing claims in which a series of between about 3 and
10 spaced-apart discrete detection elements of less than 700 micron length are fixed in a given

channel.

46. The device of any of the foregoing claims in which the device contains a means of
providing a fluorophor label to captured analyte, and the detection elements are exposed to a

window transparent to outwardly proceeding fluorescent emission for detection.

47, The device of claim 46 in which the window is transparent to exterior—generated

stimulating light emission to enable epi-fluorescent detection,

48. A microfluidic device for conducting a fluid assay, for example a biological assay,
having a flow channel in which is inserted at least one discrete detection element that is provided
with capture agent, the detection ¢lement being positioned for exposure to fluid flows within the
device for conducting an assay, the device formed by preparation of two subassemblies, each
having a backing of relatively rigid material and an oppositely directed face suitable for bonding

to a mating face of the other subassembly, followed by bonding the assemblies face-to-face.

49. The device of claim 48 in which the bond is breakable, such as an electrostatic bond,

to enable detachment of the two subassemblies.

50. The device of claim 48 in which the bond is permanent, formed by bonding together

two surface-activated surfaces.
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51. The device of claim 49 or 50 in which the member defining one of the surfaces has
portions that fix the position of a said detection element in its flow channel, form a flexible pump
diaphragm or form a flexible valve diaphragm, preferably respective portions of the sheet

performing all of these functions,

52. The device of claim 51 in which a flexible valve diaphragm portion engages an
opposed valve seat originally formed of surface-activated bondable material that has been
subjected to a series of make-and break contacts that interrupt covalent bonding of the valve

diaphragm portion with its opposed seat.

53. The device of claim 50, 51 or 52 in which the surfaces are both of PDMS.

54. A microfluidic device for conducting a fluid assay, for example a biological assay,
having a flow channel in which is inserted at least one discrete detection element comprising an
extremely short hollow flow element with length less than about 700 micron, and internal
diameter of between about 50 +/- 25 micron, in fixed position, that is provided with capture
agent, the flow element being positioned for exposure to fluid flows within the device for
conducting an assay, the flow element being secured in fixed position by an overlaying layer of
material that is surface-activated and bonded by molecular bonding to an opposing member in

adjacent regions.

55. A microfluidic device for conducting a fluid assay, for example a biological assay,
having a flow channel in which is inserted at least one discrete detection element (preferably an
extremely short hollow flow element with length less than about 700 micron, and internal
diameter of between about 75 +/- 50 micron)

in fixed position, that is provided with capture agent only on its interior, the flow element
being positioned for exposure to fluid flows within the device for conducting an assay, the flow
channel being of rectangular cross-scction, the exterior of the element being of cylindrical cross-

section, and by-pass flow paths are defined along the exterior of the element.
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56. The microfluidic device of claim 55 in which the internal diameter of the hollow

flow element is 50 +/- 25 micron.

57. The microfluidic device of claim 54, 55 or 56 in which the hollow flow element has

length less than about 500 micron.

58. The microfluidic device of any of the foregoing claims comprising multiple
substrates stacked together to create three primary layers: (a) Pneumatic/Fluidic Interface Layer,
(b) Channel Closure layer, and (c) Fluidic/Reaction Vessel layer into which is inserted at least

one reaction vessel (preferably a hollow flow element),

59. The microfluidic device of claim 58 containing microfluidic valves and pistons for

driving, controlling, and manipulating the fluid flow.

60. The microfluidic device of claim 58 or 59 in which the Pneumatic/Fluidic Layer
comprises a glass sheet upon which a flexible polymer film with through-cut channels is attached
such that they form open channels which are closed on one side by the glass sheet and open on
the other.

61. The microfluidic device of claim 58, 59 or 60 in which the Fluidic/Reaction vessel
layer is comprised of a thin glass sheet, such as a sheet 200 micron thick, upon which a flexible
polymer film with through-cut channels is attached, such they form open channels which are

closed on one side by the glass sheet and open on the other.

62. The microfluidic device of ¢laim 61 in which the channels provide a path for fluid,
one or more channels to house reaction vessels (preferably inserted hollow flow elements), and

provide features for on~board valves and pistons.

63. The microfluidic device of claim 62 in which reaction vessels in the form of hollow

elements are inserted into the Fluidic/Reaction Vessel layer, and then it is attached to the
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Channel Closure Layer, closing off the top of the channels in the Fluidic/Reaction Vessel layer

and thereby forming closed channels.

64. The microfluidic device of any of claims 58-63 in which the Channel Closure Layer
is permanently bonded to the Pneumatic/Fluidic Layer closing off the top of the channels in the

Pneumatic/Fluidic Layer and thereby forming closed channels,

65. The microfluidic device of any of claims 58-64 in which the Channel Closure Layer
is formed by attaching a mylar sheet (which may have a reflective coating and which may be

attached to a sheet of flexible polymer).

66. The microfluidic device of any of claims 58-64 in which the Channel Closure Layer
is formed by a sheet of flexible polymer.

67. The microfluidic device of claims 66 in which the Channel Closure Layer is
comprised of PDMS,

68. The microfluidic device of any of claims 58-67 in which the Channel Closure Layer
has through hole vias to allow the passage of fluids and pneumatics from the Pneumatic /Fluidic
layer to the Fluidic/Reaction Vessel layer.

69. The microfluidic device of any of claims 58-68 in which the Channel Closure Layer

is constructed to flex as part of valve actuation,

70. The microfluidic device of any of claims 58-69 in which the Channel Closure Layer

is constructed to flex as part of pump actuation.

71. The microfluidic device of any of claims 58-70 within which a valve is actuated by

applying negative pressure to Pneumatic channels contained in the Pneumatic/Fluidic Layer,
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thereby flexing the Channel Closure Layer to lift it off a wall of the Fluidic/Reaction Vessel
Layer, allowing fluid to flow.

72. The microfluidic device of any of claim 71 in which the negative pressure is about -8

psi.

73. The microfluidic device of any of claims 58-72 within which a valve is caused to
maintain a tight seal on a wall of the Fluidic/Reaction Vessel Layer when negative pressure on
the channel Closure Layer is released and the Closure Layer is allowed to relax, by applying

positive pressure to Pneumatic channels contained in the Pneumatic/Fluidic Layer.

74. The microfluidic device of any of claim 73 in which the positive pressure is about +5

psi.

75. The microfluidic device of any of claims 58-74 within which a piston exposed to a
Fluidic Channel is actuated by applying negative and positive pressure to Pneumatic channels
contained in the Pneumatic/Fluidic Layer, thereby flexing the Channel Closure Layer and
creating negative and positive pressure within the Fluidic Channel to which the piston 15

exposed.

76. The microfluidic device of claim 75 in which the negative pressure is about -8 psi

and the positive pressure is about +5 psi.

77. The microfluidic device of claim 75 or 76 in which the piston is arranged with a
microfluidic valve on either side which can be actuated in sequence to drive fluid in two

directions in the channel.

78. The microfluidic device of claim 75, 76 or 77 having a fluidic channel along which is
arranged a said piston and in which is inserted at least one of said elements, the piston arranged

to cause the element to be exposed to flow.

10
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79. The microfluidic device of claim 78 in which a plurality of said elements are in the

channel for exposure to flow.

80. The microfluidic device of claim 78 or 79 in which the elements are hollow elements

through the interior of which fluid flows.

81. The microfluidic device of claim 78, 79 or 80 in which the hollow detection elements
are so located in the channel to permit flow through the element, and by-pass flow along the

outside of the hollow element.

82. The microfluidic device of any of the claims 75 to 81 having a plurality of isolated
channels along each of which 1s arranged a respective piston and in which is inserted at least one

of said elements, preferably a respective series of spaced apart elements.

83. The microfluidic device of claim 82 in which the Fluidic/Reaction Vessel Layer is
arranged with flow paths from a single sample supply through each of the plurality of isolated

channels in response to pistons located in the respective isolated channels.

84. The microfluidic device of claim 82 or 83 in which the Fluidic/Reaction Vessel
Layer is arranged with a plurality of inlet paths, for example buffer liquid and reagents, for flow
to cach of the plurality of isolated channels in response, respectively, to pistons located in

respective isolated channels.

85. The microfluidic device of claim 82, 83 or 84 in which the Fluidic/Reaction Vessel
Layer js arranged with a path from each of the plurality of isolated channels to waste in response,

respectively, to pistons located in the respective isolation channels.

86. The microfluidic device of any of the claims 82 to 85 in which there is a common

waste channel to which each of the pistons can propel liquid from its respective isolated channel.

11
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87. The microfluidic device of any of the claims 58-86 comprising a reaction vessel
channel exposed to a piston and containing at least one reaction vessel, the reaction vessel
channel in communication through respective valves to inlet channels for sample, reagent and
buffer liquid, and to an outlet channel to waste, pumps for the reaction vessel being effectively
formed by cooperative action of each inlet valve with the piston and the outlet valve, the pumps
being selectively operable to selectively cause flows through the at least one reaction vessel of

sample, reagent and buffer liquids in performance of an assay, preferably, ELISA,

88. The microfluidic device of claim 87 in which there are a plurality of isolated reaction
vessel channels, each exposed to a respective piston and containing at least one respective

reaction vessel.

89. The microfluidic device of claim 87 or 88 in which each reaction vessel channel
contains a plurality of reaction vessels, preferably the plurality comprising a series of spaced

apart hollow flow elements,

90. A discrete detection element in the form of an extremely short hollow flow element
with length less than about 700 micron, and internal diameter of between about 50 +/- 25 micron,
the flow element provided with capture agent, the flow element being constructed to be fixed in

position for exposure to fluid flows within a device for conducting an assay.

91. The discrete detection element of claim 90 in which the hollow flow element has

length less than about 500 micron.

92. The discrete detection element of claim 90 or 91 in which capture agent resides only

on the interior surface of the element.

93. A discrete hollow flow element carrying on its interior surface, but not its exterior
surface, an assay capture agent, the element fixed in position in a fluid channel in manner that
provides at least about 50 % by-pass flow capacity relative to the flow capacity through the

element.

12
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94. The hollow element of claim 93 in which the by-pass flow capacity is about 75% or

more, relative to the flow capacity through the element.

95. The hollow element of claim 93 in which the by-pass flow capacity is about 100% or
more, relative to the flow capacity through the element.

96. A method of manufacturing the device or element of any of the foregoing claims.
97. A method of use of the device or element of any of the foregoing claims 1-93,

98. A method of preparing detection elements for an assay comprising batch coating the
detection elements, preferably hollow flow elements, by mixing in solution, and drying, and
thereafter picking and placing the elements in flow channels of a microfluidic device, and
preferably capturing the flow elements by bonding two opposed layers that capture the elements

while sealing the flow channels.

99. A method of preparing hollow flow elements for an assay comprising batch coating
the detection elements to coat the elements with capture agent, including eliminating or

preventing the occurrence of active capture agent on outside surfaces of the hollow elements.

100. The method of claim 99 in which a suspension of the hollow elements in fluid with
the capture agent is aggressively agitated (preferably by vortexing) to impart disrupting shear
forces to the exterior surface of the elements, the shear force acting to prevent binding of the

capture agent to the outside surface of the ¢lements.

101. The method of claim 99 in which the exterior surface of the hollow elements is in

treated condition that prevents formation of a coating on the exterior surface.

13
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102. The method of claim 99 in which coated capture agent is temoved or rendered
inactive by selective exposure to a laser elimination process that removes or de-activates capture

agent from a surface of a coated element.

103. A microfluidic valve comprising a flexible valve diaphragm portion arranged to
engage a valve seat originally formed of surface-activated bondable material that, during
bonding of adjacent surfaces, has been subjected to a series of make-and break contacts that

interrupt covalent bonding of the valve diaphragm portion with its opposed valve seat.

104. The valve of claim 103 in which the flexible valve diaphragm and the valve seat are
comprised of PDMS.

14

AMENDED SHEET (ARTICLE 19)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - amend-body
	Page 4 - amend-body
	Page 5 - amend-body
	Page 6 - amend-body
	Page 7 - amend-body
	Page 8 - amend-body
	Page 9 - amend-body
	Page 10 - amend-body
	Page 11 - amend-body
	Page 12 - amend-body
	Page 13 - amend-body
	Page 14 - amend-body
	Page 15 - amend-body
	Page 16 - amend-body

