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(54) Title: INTEGRATED MICROFLUIDIC DEVICE AND METHODS

FIG. 1

(57) Abstract: A microf luidic device for analyzing a sample of interest is provided. The tnicrof luidic device can comprise a mi-
crofluidic device body, wherein the microf luidic device body comprises a sample preparation area (101), a nucleic acid amplification
& area (102), a nucleic acid analysis area (103), and a network of fluid channels. Each of the sample preparation area (101), the nucleic
& acid amplification area (102) and the nucleic acid analysis area (103) are fluidly interconnected to at least one of the other two areas

by at least one of the fluid channels. Using the microfluidic device, sample preparation can be combined with amplification of a
o
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biologically active molecule, and a suitable biological sample can be provided for analysis and/or detection of a molecule of interest.
The small-scale apparatus and methods provided are easier, faster, less expensive, and equally efficacious compared to larger scale
equipment for the preparation and analysisof a biological sample.
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INTEGRATED MICROFLUIDIC DEVICE AND METHODS

Cross-Reference to Related Applications
F00011  This application claims priority to and the benefit of co-pending U8, provisional
patent application Serial No. 60/979,515, filed October 12, 2007, which is incorporated herem by

reference in Hs entirety.

Statement Regarding Federally Sponsored Research or Development

100021 Not apphcable

Reference to Appendix
(0031 Not applicable,

1. TECHNICAL FIELD

16004 The present invention relates o the field of microfluidics and the application of
microfhudics in the fields of biochemistry and molecular biology. The mvention further relates to
mtegrated microfluidic platform apparatoses and gssociated methods. The imvention glso relates
to microtluidic devices for preparing, amplifving and detecting biological molecules of interest,
such as nucleic acids, The invention also relates to methods for preparing, amplifving and

detecting biological molecules of interest, such as nucleie acids using microfhudic devices.

2. BACKGROUND OF THE INVENTION

8005} Molecntar biology can be broadly defined as the branch of biology that deals with the
formation, structure and function of macromolecules such as nucleic acids and proteins and their
role in cell replication and the transmission of genetic information, as well as the manipulation of
nucleic acids, se that they can be sequenced, mutated, and further manipulated into the genome
of an organism to study the biotogical effects of the mutation.

{0006} The conventional practice of biochenustry and molecular biology can require physical
process resources on a scale that arve frequently inversely proportional {o the size of the subject

being studied. For example, the apparatus and process chemistry associated with the preparation
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andd purification of a biological sample such as a nucleie acid fragment for prospective analysis
may casily require a full scale bio-laboratory with sterile facilities. Furthermore, an
environmentally isolated facility of sunilar scale may typically be required to carry out the

known polymerase chain reaction (PCR) process for amplifying the nucleic acid fragment,

[6007) 2.1 Microfluidic systems
FO008] “Microflaidies” generally refers {o systemy, devices, and methods for processing

small volumes of fluids, Microfluidic systems can integrate a wide variety of operations for
mantpulating {luids. Such fhads may mclude chemical or biological samples. These systems also
have many application arcas, such as biological assavs (for, ¢.¢., medical diagnoses, drug
discovery and drug delivery), biochemical sensors, or life science research in goneral as well as
envirommental analbysis, industrial process monitoring and food safety testing.

{30001 One type of microfluidic device is a microfhuidic chip. Micrefluidic chips may
mclade micro~scale features {or “microfeatures™), sach as channels, valves, pumaps, reactors
and/or reservoirs Tor storing fluxds, for ronting fluids to and trom various locations on the chip,
and/or for reacting fluidic reagents,

10010} However, existing microtluidic systems lack adequate mechanisms for allowing
controtied manipulation of multiple Huilds except via prescribed flow patterns, hence limiting the
practicality with which the systoms can be utilized in various chemical or biological assays. This
is because real-world assays often require repetitive manipulation of different reagents for
various analytical purposes.

10011 Moreover, many existing microflutdic devices are restricted for one specific use and
cannot be easily adapted or customized for other applications without being completely
redesigned. These devices lack modularity, and therefore cannot share common device
components that alfow one design to perform multiple functions. This lack of flexibnlity leads to
mereased production costs as each use requires the production of a different system.

{0012} Furthermore, many existing microfluidic systems lack any means for straightforward
el-point assays that are able to easily detect interactions or existence of analytes resulting from
the assays. By way of example, visual detection of sample color changes alter an assay is often

used to evaluate the assay results

o]
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{0013} Thus, there exists a need for improved microftnidic systems for processing fluids for
analysis of biological or chemical samples, and in particular, in the detection and analysis of
biologically active macromolecules derived from such samples such as DNA, RNA, amino acids
and proteins, It is desired that the systems are mass producible, inexpensive, and preferably
disposable. It is desired that the systems be simple to operate and that many or substantially all of
the fluid processing steps be automated. It is desired that the systems be customizable, and be
modudar sach that the system can be easily and rapidly reconfigured to suit various apphications
m which the detection of macromolecules is desired. It is also desired that the systems be able to
provide straightforward and meaningful assay resulis.

(0014} Citation or identification of any reference in Section 2, or in any other section of this
application, shall not be considered an admission that such reference is available as prior art to

the present invention.

3. SUMMARY OF THE INVENTION
16015] A microfluidic device 1s provided for analyzing a sample of interest comprising:
a} a microfluidic device body, wherein the microfluidic device body comprises:
i) a sample preparation area,
i) a nucleic acid amplification area,
11} a nucleic acid analysis area, and
v} a plurality of fluid channels interconnected in a network,
and wherein each of the sample preparation area, the nucleic acid amplification area and
the nucleic acid analysis area are fluidly interconnected to at least one of the other two areas by at
feast one of the fluld channels in the network,
00161 A microfluidic device 1s also provided for analyzing a sample of interest comprising:
a} a microfluidic device body, wherein the microflnidic device body comprises:
i} a sample preparation area,
i) a nucleie acid amphification area, and
iv} a plurality of fluid channels interconnected in a network,
and wherein cach of the sample preparation area and the nucleic acid amphification area are

fluidly interconnected to the other area by at least one of the fluid channels.

Lad
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o017} 1n one embodiment, the microfinidic device can comprise a differential pressure
source capable of exerting a positive pressare or a negative pressure with respect to ambient
pressure on a selected area of the microfluidic device body,
[0018] in another embodiment, the microfluidic device can comprise a differential pressure
delivery system operably connected 1o the differential pressure source and to the microfhudie
device body.
(0019} {n another embodiment, the microfluidic device can comprise at least one diaphragm
disposed in or between particular or selected fluid channels for transforming a pressure fron: the
differential pressure source to a desired open or closed position of the diaphragm.
100201} In another embodinment, the sample preparation area comprises:

a sample intake reservoir;

a reservolr for a sample preparation reagent; and

sample purification media;
wherein the sample iatake veservoir, the reservoir for the sample preparation reagent, and the
sample purtication media are fluidly inlerconnected.
10021} in another embodiment, the microfluidic device can comprise a sample purification
media reservoir, wherein the sample purification media is disposed m the sample purification
media reservoir.
(00221 In another embodiment, the sample purification media is disposed in one of the
plarality of fladic channels.
100231 in another embodiment, the sample purification media is disposed in the bottom of the
sample purification reservoir.
(0024} in another embodinent, the micleie acid amplification area comprises:

a nucleic acid amplification reactor;

a nucleic acid amplification reagent reservoir; and

a nucleic acid amplification product reservoir;

wherein the nucleic acid amplification reactor, the nucleic acid amplification reagent

reservolr, and the nucleie acid amplification product reservolr are fhuidly interconnected.
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[0025] In another embodiment, the sample of interest is a {luid material, a gaseous material, a
solid material substantially dissolved in a iquid material, an emulsion material, a slurry material,
or a flurd material with particles suspended therem.

(00261 In another embodiment, the sample of interest comprises a biological material,

(00271 In another emsbodiment, the sample of interest comprises a suspension of cells ina
laid.
[O028] {n another embodiment, the microfluidic device body comprises a plurality of layers

of weak solvent-bonded polystyrene,

100291 In another embodiment, the sample prepavation area comprises a sample mixing

digphragm fhudically connected to the sample intake reservoir.

{0030} In another embodiment, the nucleie acid extraction media is a silica membrane,

1031 in another embodiment, the mucrofluidic device bady comprises a means for air-

drying the sample porification media.

16032} Int another ewbodiment, the sample preparation ares comprises a washing reservoir.

E{}USS] in gnother embodiment, the sample preparation area Comprises g wasie reservolr,
344 in another embodiment, the sample preparation area comprises an elution reservoir,

{'{}{)35] In another emboediment, the sample preparation reagent comprises magnetic heads.

13036} In another embodiment, a sample porification reagent is disposed in the sample

purification reservol,

{00371 In another embodiment, the sample purification reagent is magnetic beads.
0038} in another embodiment, the sample preparation reagent is a lysing reagent.

10039] fn another embodiment, the nucleic acid amplification reactor s a thermal cycling
reactor,

10040] In another embodiment, the bottom of the thermal cvcling reactor 1s a thin layer of
polystyrene.

[0041 {n another embodiment, the bottom of the thermal cycling reactor is heated during
thermal eycling by a heater that is not disposed on or in the microfhuidic deviee body.

(60421 In another embodiment, the nucleic acid amplification is selected from the group

consisting of polvmerase chain reaction {(PCR), reverse-transcriptase (RT-) PCR, Rapid

LFy
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Amplification of ¢cDNA Ends (RACE), rolling circle amplification, nueleic Acid Sequence Based
Amplification (NASBA), Transcript Mediated Amplification (TMA), and Ligase Chain Reaction.
00431 {n another embodiment, the nucleic acid analysis area comprises an area for detecting
an interaction between the ancleie acid of interest and a probe for the nucleic acid of interest.
0044 A method for detecting a nucleie acid of interest is also provided, comprising the
steps of obtaining a sample suspected of containing the nueleic acid of interest; providing a
microfhudic deviee; introducing the sample info the sample preparation arvea; prepaning the
sample for nuelete acid amplification; intreducing the prepared sample into the nueleie acid
amplification area; performing a nucleie acid amplification reaction in the nucleie acid
amplification area to amplify the nucleic acid of interest; introducing the amplified pucleie acid
of interest nto the nucleic acid analysis area; and detecting the amplified nucleic acid of interest.
00451 in one embodiment, the nucleic acid of interest s associated with a discase or disorder
of interest.
16046} Int another ewbodiment, the detecting step comprises detecting an inleraction between
the amplificd nucleic acid of interest and a probe for the nacleic acid of inderest.
00471 in another embodiment, the detecting step comprises visualizing color intensity,
fluorescence intensity, electrical signal intensity or chemuluminescence intensity,
048] In another embodiment, the detecting step comprises generating an intensity value
corresponding to at least one molecuie of Inferest in the sample.
{00491 In another embodiment, the intensity value is selected from the group consisting of
color intensity value, Huorescence intensity value and chemiluminescence intensity value, current
or voltage.
(60501 In another emsbodiment, generating the coloy intensity value comprises:

analyzing an image corresponding to the sample to generate a plurality of pixels;

providing a plurality of numerical values for respective ones of the plurality of pixels;

ang

producing mumerical values to provide a color intensity valoe.
(6051} In another embodinent, the method further comprises computing a threshold value

and comparing the color intensity value to the threshold value to detect the molecule of interest.

6
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{0052} In another embodiment, the method futher comprises storing at least ene of the color
infensity value and the threshold value in a database.

00531 {n another embodiment, the threshold value is computed using at least one negative
control sample.

{0034} A method for determining presence of or predisposition for a disease or disorder of
interest in a subject is also provided. The method comprises obtaining a sample from the subject,
wherein the sample is suspected of containing a nocleic acid associated with the disease or
disorder of interest; and detecting the nucleic acid associated with the discase or disorder of
inferest w the sample, wherein the detecting step comprises the steps of oblamming a sample
suspected of containing the nucleic acid of interest; providing a niderofluidic device; introducing
the sample into the sample preparation areg; preparing the sample for nucleie acid amplification;
miroducing the prepared sample into the nucleic acid amplification area; performing a nucleie
acid amplification reaction in the nueleie acid amplification area to amplify the nucleie acid of
mterest; mtroducing the amplified nucleic acid of interest into the nucleic acid analysis area; and
detecting the amplified nucleic geid of interest, wherein detecting the amplified nucleic acid of
inferest is associated with presence of or predisposition for the disease or disorder of interest.
HO0535] In one embodiment, the detecting step comprises determining an amount {or level) of
the amplified nucleic acid of interest and wherein the method further comprises comparing the
amowtt (or kevel) with a presclecied amount (or level) of the nuclele acid of interest.

{0056]  In another embodiment, a difference between the amount (or level) with the
preselected amount {or level) is indicative of presence or predisposition for the disease or

disorder of interest.

4. BRIEF DESCRIPTION OF THE DRAWINGS

FO0571 The present invention 1s described heremn with reference to the accompanying
drawings, in which similar reference characters denote similar elements throughout the several
views, 1t 1s to be undersiood that in some instances, various aspects of the invention may be
shown exaggerated or enlarged to facilitate an understanding of the invention,

HO058]  FIG. 1 s a three-dimensional view an embodiment of the microfluidic device (“ehip™)

that has three functional arcas, a sample preparation area 101, a nucleie acid amplification arca
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102 and a nucleic acid analysis area 103 for carrying out an end-point detection assay. Reagent
reservoir 111 Reservoirs for analysis area 113, Waste reservoir 114,

00591 FIG. 2 15 an ssometric exploded view of the microfinidic deviee of FIG. 1, showing
three layers of the microfluidic device (for clarity, the continuous membrane i1s not shown),
{0060 FHG. 3A 18 a top view of the embodiment of the microfhuidic device in FIG. 1,
showing the sample preparation area (“nucleic acid {NA} extraction area™), the nucleic acid
amphification area (in this embodiment, a "PCR area™) and the nucleic acid analysis avea ("RDB
arca’ ). Also shown is the layout of valves, microfluidic channels, through-holes, and a low
density DNA filter on the device. In this embodiment, 8 reverse dot blot (RDB) end-point
detection assay can be performed in the nucleic acid analysis area. Waste; waste reservoir,
(0061} FIG, 3B is a top view of the embodiment of the micrefluidic device m FIG. 1,
showing the sample preparation area 101, the nucletc acid amplification arca 102 (comprising a
nucleie aeid smplification reactor 112) and the nucleie acid analysis area 103, and the layvout of
valves, microfluidic channels and through-holes on the device. Reservoirs for analysis avea 113,
10062) FIG. 4 s a top view of the embodiment of the nucreflndic device in FIGL 1, showing
the functional layout of the device, meluding reservoirs, nucleic acid amplification reactor {or
chamber), valves. microfluidic chamnels and through-holes on particadar layers of the device,
{0063} FIG. 3 1s a top view of the embodiment of the microftuidic device in FIG. {1, showing
a map of the valves on the device,

[0064]  FHG. 6 s a top view of the embodiment of the microfluidic device in FIGL 1, showing
a map of the reservoirs on the device.

0065] FIG. 7 13 a top view ol the embodiment of the microfluidic device in FIG. 1, showing
a map of the functional areas of the device, and tndicating the locations of reagents in reservoirs,
Sample preparation area 101, Nucleic acid amplification arca 102 {(comprising a nucleie acid
amplification reactor 112}, Nucleie acid analysis area 103, and the lavout of valves, microfluidic
channels and through-holes on the device. Reservoirs for analysis area 113,

{0066} FICGr R shows another embodiment of the microflmdic device with two functional
areas, the sample preparation area and the nacleic acid amplification area. As indicated by
arrows, the sample preparation area comprises reservoirs for sumple imput and preparation,

sample purification and nucleic acid extraction. The nucleic acid amplification area comprises a
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nucleic ackd amplification reactor (Camplification chamber™). This embodinment of the device also
comprises a nucleic acid amplification products extraction area (“amplified products extraction
area”™}, which is an area in which amplicons are extracted from the microfluidic device after
nucleie acid amplification is complete. This particular embodiment of the device has dimensions
of 30 mm x 38 mm.

10067] FIG. 9 is an exploded view of the embodiment of the microfluidic device depicted in
FIG. 8, showing three layers of the nmucrofluidic device (for clanty, the continoous membrane s
net shown).

{0068} FHG. 10 15 a diagram of the top view of the microthadic device of FIG. §, showing a
map of the pumps, valves, amplification reactor, microfluidic channels and through-holes on
particular layers of the device.

130691 FEGO 1T is a diagram of the top view of the microfluidic device of FIG. §, showing a
map of the functional areas of the device, and indicating the locations of reagents in the plurality
of reagent reservoirs (e.g. Cells, Fthanol, Mixer, Waste, Elution, NAL NA2, AW, AW2).
16070) FIGS. 12-16. Another embodiment of the microfluidic device (Mchip™) ol the

invention that has two functional areas, a sample preparation arca and a nucleic acid

amplification arca, but does not have an on-chip nucleic acid analysis area.
10071} FIG. 12, Top view showing the layout of the valves and channels without showing the

TCSCTVOIrS.

{00721 FHG, 13 shows the layout of the embodiment of the microfluidic device shown in FIG.
12, with three groups of bi-directional pumps depicted: for sample preparation, for nueleic acid
amplification reagent preparation and lor loading.

(6073} FIGS. 14-16 are diagrams of the operation of the embodiment of the microfluidic
device shown in FIG, 12, The arrows show the progression of the E. coli sample as it was
processed on the device.

{00741 FIG. 17 shows an embodiment of the bottom of a chamber of the device, in which a
diaphragm arranged over an opening {“nozzie™) of the chamber can be used to produce a mixing
jet to mix the contents of the chamber.

[0075] FIG, 18 shows comparative resulis obfamed with a microfiuidic device according to

an embodiment of the nvention and a control (Qiagen RNEasy kit). 1% agarose gels of RNA

9
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isolated from HEK293T cells using Qiagen RNeasy extraction/purification methods {lanes 1-
3.10) and the microfluidic device (lanes 4-9). Molecular weight markers shown on left

(00761 FIG. 19 Lane 1, DNA standards; Lane 2, amplicon product from RT-PCR performed
on-chip, Lane 3, input RNA {1 ul). RNA was generated from HEK 2937 cells. Primers
recognizing beta-actin were psed {0 gencraie the cDNA product and to amplify actin cDNA via
PCR.

100771 FI1(x. 20 shows on-chip repeatability for eight PCR runs for varving thermal eycles
and run tmes as shown.

HO078] FIG. 21. PCR Comparison. 5 x 107 copies of plasmid (pripGL3) were amplified
through 30 cycles of PCR using either 8 BioRad M Mint Thermocyeler {(lanes 2 and 3) or the
migrofluidic device {lane 4). Molecular weight markers shown m lane 1.

{00791 FIG. 22 shows a typical eyele from the PCR thermal cycler used in this experiment in
conjunction with the nucroflaidic device. The graph at the bottom iy an expanded view of the
first four cveles shown in the top graph.

00801 FIG. 23 shows the resulis of a RT-PCR protocol run on the microfiidic device, HIV
RNA was isolated using bench top (bt} and on-chip protocols.

[B0OR1] FIG. 24, Detection of B-thalassemia genes in whole blood. After 30 cycles of PCR,
two identical samples that were PCR amplified in parallel using either a bench top thermoceveler
{lanes 4-5) or the wicrolluidic device (Janes 2-3) were analyzed on agarose gels. Lane |
represents molecular weight standards.

{0082} FIG. 25, Results of HPV amphification using either bench top PCR methods or the
niicrofluidic device.

[0083]  FHG, 26. On-chip probe arrays for HPV serotvpe defection by reverse dot blot (RDB).
HPV-52 (top) and HVP-11 {bottom) were correctly detected.

FO0R4] FIG. 27, Schematic diagram of RDB protocol.

{O0R5] FIG. 28 shows a comparison between two chips processing 1,000 E.coll loaded into
apple juice. The loaded fuice was prepared and the DNA punified on-chip then two 1 ul aliquots
were removed and amplified on the bencl top and the remaining purified DNA was amplified

on~-chip. The produet was removed and analyzed on gel as shown. Lane 1 and Lane 2 of each
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chip’s product represent the aliquot which was amplified on the bench top and Lane 3 in each
case represents the on~chip amplitied product.

[0086] FIG. 29 shows a comparison of bench top and on-chip PCR results using on-chip
exiracted DNA. E. coli loading ranges were from 5107, -1x10%ul,

FOO87]  FIG. 300 AL Analysis of 500,000 Z0 coli introduced wto apple cider comparing “bench
top” PCR analysis (lane 3} and the microfluidic device analysis {lane 4). Lanes 1 and 2 represent
the negative and positive controls, respectively. B, Analvsis of 100,000 E. coli introduced into
apple cider comparing “bench top” PCR analysis (Jane 3) and the microfluidic device analysis
{lane 4). Lanes 1 and 2 represent the negative and positive conirols, respectively.

[O088]  FHG. 31, Analysis of 300,000 £, cofi introduced into apple cider comparing “bench
top” PCR analysis (lanes 2-3) and the microfluidic device analysis (lanes 4-5). Lane 1 represents
the negative control,

RE FIG. 320 Analysis of 500,000 £ coli introduced into PBS comparing “bench top™
PCR analysis (Tanes 2-3) and the microfluidic device analysis (lanes 4-3), Lane | represents the
negative control.

100901 FIG. 33, Analysis of 10,000 E. coli tintroduced into apple juice comparing “bench top™
PCR. analysis (fanes 2-3) and the microfluidic device analysis (lanes 4-5). Lane 1 represents the
negative controd.

(0091 FIG. 34, Analysis of 1,800 &) cofi wntroduced into apple juice comparing “bench top”
PCR analysis {lanes 2-3) and the microfluidic device analysis (lanes 4-5). Lane 1 represents the
negative control.

(6092} FIG. 35, Comparison of amplicons obtamned from two different microfluidic devive
runs, The results obtained from a complete run of cach microfluidic device (lanes 3 for the gel
analysis from the products generated from each microfluidic device) were indistinguishable from
the results obtained by “bench top™ PCR amplification of DNA that was obtained from the same
microfiuidic device and amplified separatelyianes 1 and 2).

[0093] FIG, 36. Analysis of 1,000,000 £, coli mtroduced into skim milk comparing “bench
top™ PCR analysis (lanes 2-3) and the microfluidic device analysis (lanes 4-3). Lane 1 represeats

the negative conirol.
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[0094]  FIG. 37. Results of bench top and on-chip Whatman FTA elution for purification of
DNA from F. coli. All {ests were performed using 1 million (Le., 1,OGOK) E. coli loadings.
(00951 F1G. 38, Schematic diagram of pressure relief device that can be used with a closed
nucleie acid amplification reactor in the nucleie acid amplification area of a microfluidic device,
e, with a PCR reactor.

10096] FIG. 39, Schematic diagram of rigid structure that can be bonded on top of a nucleic
acid amphification reactor, e.g., a PCR reactor, to prevent the reactor from bowing up as a resolt
of thermal effects at clevated temperatures.

{00971 FIGS, 40-41. RDB flow design for arrays of spots in a small area.

F009%] FIG. 40. Side view of RDB tHow design.

60997 FHGS. 41A-B. Perspective views of an embodiment of an on-chip RDB reservoir (A)

and chamtered spacer for RDEB reservoir (B).

S DETAILED DESCRIPTION OF THE INVENTION

(00100]  The present invention provides a microtinidic device (Uchip”™) and methods based
thereon that can combine sample preparation, amplification of a biologically active molecule and
can provide a suitable biclogical sample for analysis and/or detection of @ molecule of interest
from the originally prepared sample. The small-scale apparatus and methods provided by the
invention are casier, faster, less expensive, and equally efficacious compared to larger scale
equipment for the preparation and analysis of a biological sample.

001017 The microfluidic device provides the structural and functional capability to
automatically process a raw nucleic acid-containing sample and conduct nucleotide (e.g., DNA
or RNA) amplification using nucleic acid templates derived from the sample. The deviee has the
advantage of controlling the contamination of reagents, products or samples during processing, as
well as low reagent consumption.

001021 Assays conducted on the device are fully automated. The microfluidic device system
provided by the mvention yields the desived resalis with virtually no “hands-on” effort other than
the introduction of samples or specimens, thereby providing a means to save considerable time

and effort on the part of the analyst, Moreover, anskitled individuals can perform sophisticated
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nmolecular diagnostics by only having to simply apply the raw sample or specimen to the
microfiuidic device.
(001031 The microfluidic device is suttable for analysis of samples of interest from any
biological source such as viruses, bacterta, fungi, prokaryotic cells, cukarvotic cells, archacan
cells, efe. which can serve as a potential source for a biological acromolecule of interest,
including, bat not limited to polynucleotides {e.g., DNA, RNA) proteins, enzymes, or from
biological materials such as whole blood, blood serum or plasma, urine, feces, mucous, saliva,
vaginal or cheek swabs, cell cultures, cell suspensions, ete. The microfluidic device can be used
for a wide variely of delection, diagnostic, monttoring and analytical porposes that involve the
detection of biological or biclogically derived substances or materials, for example, medical and
veterinary diagnosties, food processing, industrial processing, and environmental montioring.
The device can be used as a diagnostic device to detect the presence of an infection, disease or
disorder in a biological sample from an individual. Many discases or disorders are suitable for
detection, including, but not limited to B~thalassemia, UTIs {urinary tract infections), STIs
{sexually transmntied infections) sach as Nelsseria gonorvhoeae, Chlamydia trachomatis, the
sausative agent of syphilis, Trepomema pallidhom, bacteria associated with bacterial vaginosis,
HPVs such as Herpes simplex vivus type 2, papitloma virus, hepatitis B and cytomegalovirus,
HIV, yeasts such as Condida albicans, and protozoans such as Trichomonas vaginalis.
[00104]  In onc embodiment, the micrefluidic device for analvzing a sample of interest can
comprise a nyicroflutdic device body, wherein the muicrofividic device body comprises:

i} a sample preparation area.

it} a nucleic acid amplification area,

i1} a nucleie acid analysis arga, and

iv) a plurality of fluid channels interconnected in a network,
and wherein each of the saraple preparation area, the nucleic acid amphification area and the
nucleic acid analysis area are fluidly interconnected to at least one of the other two areas by at
least one of the plarality of fhud channels 1o the network (FIGS. 1-11)
(00105]  In another embodiment, the microfluidic device for analyzing a sample of interest can
comprise a nucrofluidic device body, wherein the microfluidic device body comprises:

i} a sample preparation area,
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i1) a nuclete acid amplification area, and

v} a plurality of fluid channels interconnected in a network,
and wherein each of the sample preparation arca and the nucleic acid amplification area are
fluidly interconnected to the other arca by at least one of the fluid channels in the network (FIGS.
-7}
(001061 In another embodiment, the microfluidic device can have two functional arcas, a
sample preparation area and a nucleic acid amplification avea, but can lack an on-chip nucleic
acid analysis area (FIGS. 8-16).
1001071 For clarily of disclosure, and not by way of Hinutation, the defailed desceription of the

invention 18 divided into the subsections set forth below.

O0108] 381 Microfluidic device body

(001091 The analytie device comprises a microfluidic device bady. A microfluidic device
body suttable for use according to the mvention s deseribed in ULS. patent publications
UR2006/:0076068A 1 (Young et al., April 13, 2006), US2007/0166200A1 (Zhou et al., July 19,
2008), and USZ007/0166199A1 (Zhou et al, July 19, 2008), which are meorporated herem by
reference in their entireties.

(001101 The body can comprise a first rigid plastic substrate having upper and lower sorfaces,
ancd & substantially rigid plastic membrane, contacting and joined with the upper surface of the
first substrate, and having a relaxed state wherein the plastic membrane lies substantially against
the upper surface of the first substrate and an actuated state wherein the membrane s moved
away from the upper surface of the fivst substrate. The first rigid plastic substrate can have
microfeatires formed therein, and the substantially rigid plastic membrane can be disposed over
the microfeature, The membrane has a thickness selected for allowing deformation upon
application of appropriate mechanical force. In different embodiments, the membrane can bave a
thickness of betwesn about 10 pim and about 150 wm, 15 po and abowt 75 pm.

{00111} The mechamical force s applied by a positive pressure to deform the membrane
towards the substrate and can have less than about 50 psi. In one embodiment, the magninide ig

between 3 psi and about 23 psi.
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[001121  The mechanieal force that is applied by a negative pressure to deform the membrane
away from the substrate can have a magnitude of less than about 14 psi. In one embodiment, the
magnitude is between about 3 psi and about 14 psi.

(001131 The moembrane and the first substrate can be made from substantially the same
material or from different materials. Example of materials suitable for use in fabricating the body
include thermoplastic materials or inear polyvmeric materials, In a specific embodiment, the
material is polymethyl methacrylate, polystyrene, polyearbonate, or acrylic,

00114} The substantially rigid plastic membrane can bave an unbonded region that is not
attached to the first substrate. The onbonded region of the eembrane can at least partially overlie
a first channel and a second channpel disjoint from the first channel, both channels being disposed
in the first substrate, and in the relaxed state forming a scal between the first and second
channels.

{0011531  The unbonded region of the membrane can also at least partially overlie a valve-seat
formed n the fivst sabstrate, disconnected from and substantially between the first and second
channels.

H001I6]  The valve seat can comprise a ridge substantially perpendicular to a longitudinal axis
of the first and second channels,

(001171 The anbonded region of the membrane can at least partially overlie a first channel and
a second channel disjomt from the first chanmel, both channcls being disposed in the first
substrate, and in the actuated state separates from the upper surface of the first substrate to
provide a cavity suitable for fluid flow between the first and second channels.

{00181 The first substrate can also mnclude a through-hele extending from the upper surface
of the first substrate to the lower surface of the first substrate,

(00119 The unbonded region of the membrane can be substantially cireular, elliptical or
rectangular, with rounded corners.

001201 The body can further comprise a second rigid plastic substrate contacting and jomed
with an upper surface of the membrane.

(001211 The first substrate, the second substrate, and the membrane can be made of

substantially the same material.
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[001221  The second substrate can include a chamber lying substantially above the unbonded
region of the membrane and sized such that the unbonded region of the membrane can be moved
away from the upper swrface of the first substrate and remain substantially enclosed by the
chamber.

{00123} The body can further comprise a pump having a plurality of disconnected unbonded
regions, cach forming an independently actustable valve strocture and being connected in series
by microchannels. The mucrochannels have varying resistances to fhuid flow.

H00124]  The body can further comprise a supporting structure above the membrane sized,
shaped, and positioned to stracturally support the membrane when the membrane 18 in an
actuated state.

001251 A stop can be disposed above the membrane that is sized, shaped, and positioned to
prevent the membrane from moving beyond a desired distance from the first substrate.

(001261 The body can have a plurality of pumps having a shared valve structure. The shared
valve stracture can include a wembrane disposed above three or more microchannels to provide a
plarality of fluid ports coupled with the shared valve.

1001271 The body comprises at least one reservoir capable of storing one or move of a floid
material, g gaseous material, a solid material that 18 substantially dissolved in a Hotd material, a
slorry material, an enulsion material, and a thad material with particles suspended therein. In

g., & SUSPension

specific embodiments, the sample of interest comprises 3 biological material, ¢.g
of cells in a thad.

FO01281  The veservoir can be arranged to be substantially vertical. It can be coupled with
hquid extraction means for extracting Hquid from within the reservoir at or near defined vertical
levels. The reservolr can contain a flnid material and particles, and the pump can be coupled to
the reservolr so as to circulate fluid through the device in a manner that prevents the particles
from seithing at either of a top and a bottom of the reservoir. The reservoir can be coupled
between a first and a second one of the independently actuatable valve structure,

(001291 In another embodiment, the body can comprise a plurality of reservoirs interconnected
through a pump mechanism. The pump mechanism can ieclude a shared valve strueture for

passing tlud from the plurality of reservoirs.
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[O01307  The body can alse comprise at least one microfeature, The microfeature can comprise
a channel having a geometry for favoring one divection of How.

(001311 The body can comprise a pump having one unbonded region forming an externally
actuatable diaphragm stracture, nterconnected by microchannels 1o two unbonded regions
forming passive valve structures actuatable by fluid flowing through the pump. In another
embodiment, the pump can have a plurality of disconnected unbonded regions, cach forming an
independently actuatable diaphragm structure, with each diaphragm structure partially
overlapping at least one other diaphragm structure.

(001321 In one embodiment, the body can comprise at least one diaphragm disposed between
particular or selected fluid channels for transtforming a pressure from the differential pressure
source to a desired open or closed position.

[O0133] o a specific embodiment, the body can comprise a first polystyrene substrate baving
upper and lower surfaces and microfeatures fonmed therein, and a polystyrene membrane solvent
bonded to the upper sirface of the tirst substrate. The body can have a relaxed state wherein the
polystyrenc membrane Hes substantially agatst the upper surlace of the first sabstrate and an
actuated state wherein the polystyrene membrane is moved away from the upper surface of the
first substrate.

(001341 The weak solvent bond can be formed by a solvent having little or substantially no
bonding effect under room temperature and ambient force conditions, but capable of forming a
bonded inferface between two mating surfaces under appropriate temperature or force condifions,
F01351  In a specific embodiment, the body can comprise a functional fluidic network
fabricated in a plurality of layers ol weak solvent-bonded polystyrene. For example, a three-layer
polystyrene body (“chip™) that can be made vig the weak solvent lamination process as disclosed
in LLS, Patent Application 2006/0078470A1, which is incorporated herein by reference, In a
specific embodiment, the chip can be a laminated structure, comprising: a first component having
first and second surfaces, wherein at least one of the surfaces inchades a microstructure, further
wherein the first component 1s a polymeric matenal; and a second, polymernic component having
first and second surfaces, wherein one of the first and second surface of the second component is

fixedly attached to one of the second and first surface of the first component, respectively, by a

s |
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bonding agent, wherein the bonding agent is a weak solvent with respect to the polymeric
componenis as disclosed U8, Patent Application 2006/0078470A1.
(001361 In one embodiment, the body comprises three arcas that can be used to perform an
assay of interest {¢.¢., a nucleie acid detection assay): & sample preparation arca, a nucleic acid
amplification area and a nucleic acid analysis area. Al three aveas can be fhuidically connected,
using methods known in the art, to pumps and valves (see, e.g., U.S. Patent Application
2006/0076068 A1, Incorporated herein by reference) and to reservours and channels (see, e.g.,
LS. Patent Application 2007/0166200A 1, incorporated herein by reference). The reservoirs and
chanuels can be constrocted in the chip by e.g., the weak solvent bonded process (U.S. Patent
Application 2006/0078470A1).
[001371  In another embodiment, the device body can have a substantially rigid diaphragm that
1s actuatable between a refaxed state wheren the diaphragim sis against the surface of a substrate
and an actuated state wherein the digphragm is moved away from the substrate, as disclosed in
ULS. Patent Application 2006/0076068A 1, incorporated herein by reference. The microthudic
structures formed with this diaphragim can provide easy~lo-manufacture and robust systems, as
well as readily made components such as valves and pumps.
fO0138]  In one particular embodiment, the device body is a polymeric microfluidic structure in
which a substantially rigid plastic membrane is fixedly bonded or laminated {0 an essentially
planar rigid plastic substrate with 3 weak solvent acting as a bonding agent, In a specific aspect,
the substrate includes microfeatures, and the device body inclodes bond-free segments
surrounded and defined by bonded areas between the deformable membrane and the essentially
planar substrate surface, resulting in valve structures. In some embodiments, a second substrate s
bonded to the upper surface of the membrane and inchides a chamber that may be used to apply
pnepmatic pressure 1o the unbounded region of the membrane, According to methods consistont
with the use of the invention, pneumatic pressure or force is applied to deform the membrane,
thus actuating the valve. In some embodiments, a pump comprises a plurality of valve structures
mferconnected by mucrochannels, Valves, pumps, reactors and microfluidic reservoirs can be
interconnected with microchannels to form cireulators, mixers, or other structures with

functionahty relevant to microtluidic processing and analysis,
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[001391  In another embodiment, the device body can have a first rigid plastic substrate having
upper and lower surfaces, and a subsiantially rigid plastic membrane, contacting and jomed with
the upper surtface of the Hrst substrate, and baving a relaxed state wherein the plastic membrane
lies substantially against the upper surface of the first substrate and an actuated state wherein the
membrane s moved away from the upper surface of the first substrate. The first rigid plastic
substrate may have microfeatures formed in the substrate and the substantially rigid plastic
membrane is often disposed over at least one of the microfeatores, The substantially rigid plastic
membrane may have a Young's modulus of between about 2 Gpa and about 4 Gpa and have a
thickness, or width, selected for allowing deformation upon application of appropriate

.

mechanical force. The membrane may have a thickness of between about 10 pnt and about 150
wm, and more specifically between about 15 pm and about 75 um.

(001401 The mechanical pressure to which the membrane will respond may be a postiive
pressure applied to deform the membrane towards the substrate and may be less than about 50
psi, and may be between 3 psi and aboot 25 psi. Alternatively, and optionally, the mechanical
pressure may be a negative pressure applied to deform the membrane away from the substrate
and has a magnitude less than abouot 14 psi and may bave a magaitude of between about 3 psy and
about 14 psi,

(001411 The membrane and the fivst substrate can be made from substantially the same
material, One of the membranc and the first substrate can be a thermoplastic material, or a lincar
polymeric material and may be made from one of polymethyl methacrviate, polystyrene,
potyearbonate, and acrylic.

001421 The substantially rigid plastic membrane can have an unbonded region being
unattached from the first substrate. The unbonded region of the membrane can at least partially
overlie a first channel and a second channel disjoint from the first channel, with both channels
being disposed in the first substrate. In the relaxed state the membrane can form a seal between
the first and second chanpels. Optionally, the unbonded region of the membrane can at least
partially overlie a valve-seat formed in the first substrate, disconnected from and substantially
between the first and second channels. The valve seat may inchude a ridge substantially
perpendicular {o a longitudinal axis of the first and second channels. Further, the anbonded

region of the membrane may at least partially overlie a first channel and a second channel
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disioint from the first channel. Both of these channels can be disposed in the first substrate, and
in the actaated state the membrane separates from the upper surface of the first sabstrate to
provide a cavity suitable for fhud flow between the first and second channels. Optionally, there
may also be a through-hole extending from the upper surface of the first substrate 1o the lower
surface of the first substrate. The unbonded region may have any suitable geometry and the
geometry selected will of course depend upon the application at hand. In certain embodiments,
the unbonded region may be circular, substantially elliptical, substantially rectangular, with
rounded corners, or any geometry appropriate for the application,

[00143]1  In cerlain embodiments, the device hody can inchude a second rigid plastic substrate
contacting and joined with an upper surface of the membrane, and optionally the first subsirate,
the second substrate, and the membrane are made of substantially a same matenial, such as
polystyrene. The second substrate may include a chamber lying substantially above the unbonded
region of the membrane and sized such that the unbonded region of the membrane can be moved
away trom the upper surface of the fivst substrate and remain sabstantially enclosed by the
chamber.

(001441 The wmicroftuidic device body can additionally comprise a pump that includes a pair or
group of disconnected unbonded regions. each forming an independently actuatable valve
structure that are connected typically in series by microchannels, or some type of Thud passage.
The microchannels may have varying resistances to fluid flow, and to that end may have different
sizes, geometries and restrictions. Further optionally, the device can include features, such as
channels that have a geometry that favors fluid flow in one particular direction of flow.

[00145]  In one embodiment, a plurality of pumps may have a shared valve structure, and in
particular, the pumps may have a shared valve structure that inelodes a membrane disposed
above three or more microchannels to provide a plurality of fluid ports conpled with the shared
valve. Thus, in some embodiments, the pump can comprise any three in-hine valve stroctures. A
reservoir can be provided that is capable of storing a fhuid material, which may be a liquid, a gas,
a solid that 1s substantially dissolved mn a fluid material, a sturry material, an emulsion matenal,
or a fhud material with particles saspended therein, The reservoir may be substantially vertical
and can couple with g liquid exiraction device for extracting liquid from within the reservotr at or

near defined vertical levels. The reservoir may also be arranged to be substantially vertical and
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contains a fluid and particles. The pump can couple to the reservoir so as to circulate fluid
through the device in a mamner that prevents the particles from settling at a top or a bottom of the
reservoir. The reservorr can couple between a first and a second oene of the independently
actuatable valve structures and a plurality of reservoirs may be interconnected through the pump.
The pump can inchude or connect to a shared valve structure to allow the pump to pass fluid from
the plarality of reservoirs,

(001461 In a hurther embodiment, the device may have a purap having one unbonded region
forming an exogenously actuatable diaplragm structare, interconnected by microchannels to two
unthonded regions to form passive valve structures that ave actuatable by flud Qowing through
the pump. In yet another embediment, the pump may bave a plorality of disconnected unbonded
regions, cach forming an independently actuptable diaphragm structure, with each diaphragm
structure partially overlapping at least one other diaphragm structure,

001471 The device may include 8 stopping mechanism, such as g mechanical stop, disposed
above the membrane sized, and shaped and positioned to prevent the membrane from moving
beyond a distance from the first subsirate.

FO01481  In another aspect, the body can have a first polystyrene substrate having epper and
fower surlaces and microfeatares formed therein, and a polystyrene membrane sobvent bonded to
the upper surface of the Hrst substrate, and having a relaxed state wherein the polystyrene
membrane Hes substantially against the upper surface of the first substirate and an actuated state
wherein the polystyrene membrane 1s moved away from the upper surface of the first substrate.
(001497 The microfluidic device can also comprise, or be coupled to, a differential pressure
delivery source, e.g., one or more mechanical air pumps that supply pressure or vacuum,

[00156]  In one embodiment, the differential pressure source is capable of exerting a positive
pressure or a negative pressure with respect to ambient pressure on a selected area of the
microfhuidic device body.

001511 The microfluidic device can also comprise, or be coupled to, a differential pressure
delivery system, e.g., a controller capable of sequentially activating the valves to operate the
valves and pumps formed on the substrate (Zhou et al,, U.S, Patent Publication No.

2007/0166199A 1), The differential pressure delivery system can comprise a differential pressure
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source (e.g., one or more air pumps). The differential pressure delivery system can be operably
connected to the differential pressure source and to the microfluidic device body.,

(001321 The differential pressure delivery system allows for mixing materials within the
device. For example, a controller can operate @ reservolr pump chamber and two other pump
chambers, whereby a material may be drawn into the reservoir pump chamber and then partially
drawn into respective ones of the two pump chambers and the partially drawn material in one of
the two pump chambers may be subsequently returned {o the reservoir punp chamber.

001531 The nucrofluidic device can also comprise a computer andfor computer software for

controtling the controller.

(6015417 5.2 Sample preparation area and sample preparation methods
(001551 The microthuidic device can comprise a sample preparation area. In one embodiment,
the sample proparation area can comprise:

a sample intake reservolr;

a reservolr for a sample preparation reagent; and

sample purification media;
wherein the sample intake reservoir, the reservolr for the sample preparation reagent, and the
sample purification media are fluidly interconnected (FIG. 1-7).
[00156]  The sample preparation arca can comtain, for example, one or more chition or waste
reservoirs (F1G. 73 The sample preparation arca can also contain one or more reservoirs for cell
lysis and/or cell lysis butfers, sample washing andfor washing buffers, sample purification andior
purification media, ete. (FIG. 7).
001571 The sample purification media can be disposed in the sample purification media
reservolr, In a specific embodiment, the sample purification media is disposed in the bottom of
the sample purification reservoir.
[O0158]  Alternatively, the sample purification media can be disposed in one of the plurality of
fhadic channels.
f00159]  The sample preparation area can comprise a sample jnlet for introducing the sample
of mterest into the sample mtake reservoir; wherein the sample inlet 15 fluidically connected to

the sample intake area.
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[001607  The sample preparation area can also comprise a sample mixing diaphragm finidically
connected to the sample intake reservoir,

(001611 The sample preparation area can additionally comprise a sample mixing reservolr,
fluidically interconnecied to at least one other reservoir on the device body.,

{00162 In one embodiment, the sample preparation area can comprise a heat source for heat-
shocking a biological sample, e.g., a sample of cells or organisms. A live specimen can be
exposed o a heat shock to prodoce, e.g., a particular known species of RNAL Upon fater nucleic
acid amplitication of RNA isolated from the specimen in the microfluidic deviee, it can be
determined whether the oniginal specimen was alive when il was mtroduced into the microfluidic
device by analyzing whether the particular known species of RNA was produced by the heat
shock.

(001631 o one embodiment, biological matenial, e.g.. cells or tissues, in a sample 18 lysed in
the sample preparation process. In another embodiment, biological material is subjected to
extraction. Any biological extraction protocol known in the art can be used with the microfluidic
device of the invention including but notl hmited to chemucal, mechanical, clectrical, sonie,
thermal, elc.

(00164} Any nuclete acid extraction and purification media known in the art can be used for
isolating a nucletc acid of interest. In one embodiment, a stlica membrane can be disposed ina
fluidic pathway for isolation of nucleie acids. The porous silica mombrane can be fabricated of
very fine glass threads with a diameter of less than 1 pm. The nocleie acid recovery yield with
such media is closely related to the orientation of the glass threads in the fluidic pathway. To
avord the presence of any shortened {luidic pathway and 1o ensure the sulficiency of the media
for nucleic acid extraction amnd purification, the size of the membrane can be made substantially
greater than the cross-sectional area of the Huidic channel.

(O0165]  In another embodiment, the solid phase extraction method of Boom et al. (UK. Patent
No, 5,234,809} can be used. Boom et al. discloses a process for isolating nueleic acid from a
nucleie acid-containing starting material comprising mixing the starting material, a chaotropic
substance and a nueleie acid binding solid phase, separating the solid phase with the nueleie acid

hound thereto from the liquid, and washing the solid phase nucleic acid complexes.
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[001661  Any organie solvent known in the art for washing nucleie acids can be used to wash
the nucleic acids absorbed on nucleic acid parification media.

(001671 Nucleie acid preparation reagents can be lysing or protease reagents. Lysis ofa celi or
tissue sample of inferest can be performed 1n one or more reagent reservoirs channels or reactors
of the microfluidic device. In one embodiment, on-chip mixing of a cell lysis solution {stored in
one reagent reservoir) and its respective VISCous or non-viscous reaction reagents (stored in
different reservoir(s)), can be effected by continnously delivening the fluid from one reservoir to
the other.

(001681 Cell lysis can be accomphished by methods known 1o the art such as {luid
mantpulation, e.g., gentle mechanical stirring or “Huffing,” circulation, chemical fysis or a
combination of cell lysis methods.

(01691 Magnetic beads may also be used for fysis (see, 2.g., Lee 3G, Cheong KH, Huh N,
Kim S, Chot JW, Ko €: Micrachip-hased one step DNA exiraction and real-time PCR in one
chamber for rapid pathogen dentification. Lad Chip 2006, 6(73:886-8935),

(001701 Magnelic beads may be used to enhance purification protocols or nucleic acid
extraction protocols according to standard methods known in the art. For example, they may be
used prior to lysis as a sample preparation reagent, e.2., for preliminary concentration or selection
of a particular biological material, cell, tissue, or organism ov of a subcomponent thereofl
[00171]  Cell lysisshomogenization can be achioved on the microfluidic deviee without the use
of laboratory eqgnipment typically needed for these purposes.

001721 For example, the cell lysis solution can be homogenized by pulling the viscous
solotion stored in a reagent reservolr through a porous disk placed at the bottom of the reagent
reservolr by continvously actuating an on-chip pump.

001731 In one embodiment, cell lysis can be accomplished by pulling a solution containing &
celf sample back and forth in a narrow channed {e.g., 0.9 mm) on the microflaidic device. Such
mechanical lysis can be used t© homogeaize tissue culture cells.

(001741 Cell lysis can also be accomplished by shearing cells.

f00175]  Other methods well known in the art t© accomplish cell tysis include chaotropic
dengfurizaiion (Boom ot al., UK, Patent No. 5,234,809}, sontcation, DC voltage applied across a

reservoir o channet {Wang HY, Bhunia AK, Lu C: A microflnidie flow-through device for high
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throughput electrical lysis of bacterial cells based on continuous de voltage. Biosens Bioeleetron
2006, 22{5%582-388), microclectromechanical-based piezoclectric microfluidic minisonication {
Marentis TC, Kusler B, Yaralioglu GG, Liu S, Hacggstrom EO, Khuri-Yakub BT Microthudic
sonicator for real-time disruption of cukaryotic cells and bacterial spores for DNA analysis.
Ultrasound Med Biol 2003, 31{9):1265-1277) osmotic tysis, bysis by local hydroxide generation,
mechanical disruption with nanoscale barbs (Ih Carlo D, Jeong KH, Lee LP: Reagentless
mechamcal cell lysis by nanoscale barbs in microchannels for sample preparation. Lab Chap
2003, 3(4):287-291), frecze-thaw, heat denaturization, lysozyme followed by GuSCN, LIMBS
{laser trradiated magnetic bead systeny; Lee JG, Cheong KH, Huh N, Kim 8, Chot JW, Ko (&
Microchip-based one step DNA extraction and seal-time PCR in one chamber for rapid pathogen
identification. Lab Chip 2006, 6(7):886-893), and laser and mechanical vibration applied
stmultancously.

001761 In one embodiment, bysis can be porformed by continvously actuating an on-chip
diaphragm pump beneath a reservolr with the sample and the lvsing veagent sach that the thad is
drawn info the diaphragim as it is actuated and reinjected into the reservorr while the diaphragm is
reversibly actuated.

001771 Many preparation processes for biological samples involve tvsis of the sample,
Solutions used in the art for {ysis are generally viscous solutions, although they can also be non-
viscous. During sample preparation, a processed {lysed) biological sample will typically flow
through a membrane on which nucleie acids from the lysed sample will bind. Later, several wash
butfers, which are usually much lower in viscosity than the lysed biological sample, will be
passed throogh the same membrane.

fB0178]  The sample preparation area can additionally comprise a washing reservoir fluidically
interconnected to at least one other reservoir on the device body,

[00178]  The sample preparation area can additionally comprise a waste reservoir fhudieally
mterconnected to at least one other reservoir on the device body.

{O0180G]  The sample preparation area can additionally comprise an elution reservoir flundically
merconnected (o at least one other reservoir on the device body.

00181} Nucleie acids can be extracted or purified from the sample asing methods known in

the art, such as by membrane atfinity. In one embodiment, a silica membrane can be used. A
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lysate of the sample can be pushed, sucked or pulled through the membrane {e.g., using a
digphragm pump downstream of the membrane). Fluid preferably flows in a normal direction
{perpendicular) through the silica membrane. In one embodiment, elution buffer can be drawn
through the silica membrane to extract the nucleie acids, In another embodiment, methods for
extracting nucleic acids known i the art, e.g., those of Boom et al., ULS. Patent No. 5,234 809
can be used.

FO0I82]  Solvent {e.g., ethanol) must asually be removed from the membrane belore the
nucleie acid is eluted from the sthica membrane or other type of nucleic acid purnification media.
The nucrofluidic device body can comprise means for air-drying the sample purification media.
In one embodiment, the sample preparation arca comprises means for aie-drying the sample
purification media. For example, the device body can be fitted with g port attached to an air
pump on the controller. An isolation valve can be provided between the port and the reservoir or
chamber of the fluidic network i which the silica membrane is located. While the sample and
reagents are being manmpulated in the fhudic network to flow over or through the silica
membrane, the isolation valve on the chip can be closed to assure that none of the fhuds lesk into
the air pump.

001831 Once the membrane has been properly prepared, the isolation valve can be opened
and the vacuum pomp activated. This causes an air flow through the membrane, effectively
drying it. Alternatively, the membrane can be dricd by heating or by heated air flow.

{00184]  In another embodiment, drying can be modulated by simply pumping or blowing air
over or through the membrane using an on-chip pump

(001851 Molecules of interest, such as nucleic acids, can be removed [rom the membrane and
routed to the nucleie acid amplification area.

[00186]  The sample preparation area can additionally comprise a reservoir for the nucleie acid
extraction membrane fhudically mterconnected to other veserveirs in the device, A nucleic acid
extraction membrane or {ilter can be disposed in the reservoir,

{00187]  The nueleie acid extraction membrane can be disposed, e.g., in the bottom of the
reservoly for the nucleie acid extraction membrane.

HO0188]  The microfluidic device can additionally comprnise an arey for dryving {e.g., by

blowing, heating or vacuuwm-drying} the nucleic acid extraction membrane.
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001891 All areas of the microfluidic devics can comprise reservoirs for storing and dispensing
sample processing reagents, which can include, but are not limited to enzymes, elution butters,
washing buffers, waste storage, nucleie acid extraction and purtfication media, nucleotides,
primer sequences, detergents and enzymatic substrates. Reservorrs containing these reagents, as
well ay the nucleic acid amplification area, can be spatially arranged in different sections of the

microfluidic device body and can be fluidically interconnected to cach other by a fluidic network.

(00190 83 Nucleic acid amplification area and nucleic acid amplification
methods
(0191} The microfluidic device body comprises a nucleic acid amplification area. The nucleic
acid amphification grea can comprise;

a nucleie actd amplification reactor;

a nueleie acid amplification reagent reservoir; and

a nuclete acid amplitication product reservolr;

wherein the nucleic acid amplification reactor, the nucleic acid amplification reagent

reservolr, and the nuclete acid amplification product reservoir ave fluidly interconnected.
1001921 The nucleie acid amplification reagents in the reservoirs can be, for example, nucleic
acid primers or templates, nuclete acid amplification mixes, mucleic acid amplification enzymes,
nucleotides, buffers or other nucleic acid amplification reagents, Such nucleie acid amplification
reagents are well known in the art.
FO01931  The reagent and product reservoirs are connected {o the nucleic acid amplitication
reactor and can have one or more infets to and from the nucleic acid amplification reactor, The
reservolrs can contain valves on the inlet(s) and the exit(s) 1o effectively seal the pucleic acid
reactor during, ¢.g., thermal cycling. In certain erabodiments, the on-chip valves can generate
bubbles during pumping cyeles. Thus using a set of valves to “push™ a mucleic acid amphification
reagent into the nucleic acid amplification reservoir can lead to bubbles in the nucleic acid
amplification reactor which can be difficult to remove. The closing of the inlet valves and the use
of pumap at the exit to generate a partial vacuum to fill the nucleic acid amplification chamber (by
pulling the reagents instead of pushing them) provides a mechanism to fill the nucleic acid

amplification chamber withowt any bubbles. The nucleic acid amplification reactor can also be

1
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fitled by simply opening the inlet valve and using the pump at the exit side without {irst
generating a partial vacuum in the reactor to 1l the reactor without any bubbles.

(001941 Owing to fabrication methods of micro-channels, capillary flow along the comers or
edges of a channel can occur. This capillary flow can interfere with the loading of the nucleic
acid amplification reactor. By using a dry microthuidic device, flnid preferentially wetting the
inner surface of the reactor and trapping air during filling can be avoided,

(001951 Bubble formation during nacleic amplification reactions can be a problem in a nuero
reactor. A tilted nucleie acid amphification chamber can allow the bubbles formed to he collected
at one side of the chamber. The hydrophobic properties of polystyrene and nucleie acid
amplification reagent mixtures affect the ability of the bubbles to be collected at one end of the
nucleic acid amplification chamber, Reagent mixtures can have a variety of surfactants and
additives, which aid the movement or formation of bubbles. The surfactants interact with the
hydrophobic surfaces of the polystyrene.

(01961 In one embodiment, a tilted nucleic acid amplification reactor combined with a
modified reservolr can be used to expel all bubbles in the chamber and conduits, This
“eircutating” method can provide several benetits, which inchude enhanced mixing (especially
reagents of differing densities), reduction of bubbles during filling, ability to remove bubbles
after fifling, filling the valves with reagent and providing a clear “window™ for quantitative PCR
{qPCR}.

001971 gPCR employs sensitive oplical detectors and light sources and therefore a nucleic
acid amplification reactor without bubbles that interfere with incoming light is advantageous. In
one embodiment, the optical detecting equipment can be focated at the lower end of the nucleic
acid amplification reactor to ensure that bubbles don™t interfere with detection. It has also been
observed that filling the valves with Haguid helps the valves seal better when compared to valves
with no higuid (Air). Circulation pumping can also be done at elevated temperatures {o remove
any trapped bubbles in the nucleic ackd amplification reactor because surface tension of the liquid
1s inversely related to temperature.

[G0198]  In another embodiment, a wax or oil can be used to seal the nuclete acid amplification
regetor. Either coating the chamber during the chip making process or incorporating the oil/wax

mnto the reaction mix (e.g. beat would melt the wax and allow i to form a coating above the
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reaction when it re-solidifies; alternatively oil would sit on top on the reaction, see, e.g., Current
Protocols in Molecular Biology, Unit 15,1, Enzymatic Amplification of DNA by PCR: Sandard
Procedures and Optimization; Quin Chou, Marion Russell, David £, Bireh, Jonathan Raymond
and Will Bloch; Prevention of pre-PCR mis-priming and primer dimerization improves low-
copy-number amplifications; Nucleie Acids Research, 1992, Vol. 20, No. 7 1717-172)

001991 In another embodiment, nucleie acids extracied in the sample preparation area are
conducted (1.e., pushed, pulled, sucked or pumped) to the nacleie acid amplification area. The
mucleic acids are mixed in a muxing reservolr with one or more nucleic acid amplification
reagents, then the mix is conducted into a noclee actd amplification reactor where any thermally
mediated nucleic acid amplification known in the art can be performed, including but not limited
to: polymerase chain reaction (PCR), reverse-transeriptase (RT-) PCR, Rapid Amplification of
cDNA Ends (RACE), rolling circle amplification, Nuclele Acid Sequence Based Amplification
{NASBA), Transcript Mediated Amplification {TMA), and Ligase Chain Reaction.

(02007 In one embodiment, thermal cyching for nuclete acid amplification is performed
through the membrane that is used 1o cregte the valves and pumps which, given iis thinness, does
not present a significant thermal barrier while also providimg good contact between the heater
located on the manifold of the controller and the amplification reactor.

(00201]  In a specific embodiment, the nucteic acid amplification chamber is a thermal cyeling
reactor or chamber, The bottom of the thernmal cycling chamber can be, for example, a thin layer
of polystyrene. The bottom of the thermal cyeling chamber can be heated daoring thermal cycling
by a heater that 1s not disposed on or in (e.g., external to) the microfluidic device body.

[00202] In another embodiment, the nucleic acid amplification (e.g., PCR} reactor is
fabricated by enclosing a (three-walled) channe! structuore provided in the sabstrate of the
microfluidic device body with a thin polystyrene film by using a weak solvent bonding or
tamination method (US 2006/0078470, incorporated hergin by reference in its entirety). The use
of weak solvent bonding advantageously enables the use of polystyrene in such an application
while preserving the integrity and reliability of the microfeatures disposed therein.

(002031 The thin film provides very low thermal resistance thus allowing fast thermal cyeles,

The film is also flexable, enabling excellent contact with a heater. The chamber 1 Hoidically
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connected 1o a single or a plurality of reagent inlet reservoirs and a single or a plurality of cutlet
reservoirs vig on-chip valves and pumps

(002041 In another embodiment, the nucleie acid amplification reactor is fabricated by
faminating a thin polysiyrene film, using the weak solvent lamination method to circular,
rectangular, square or other aperture shapes formed in the microflnidic device body. The
amplification reactor formed between the walled-substrate aperture and a film adjacent the
bottom of the aperture allows the amplification reaction {o be camied oot at elevated temperature
under ambient pressure conditions.

(002051 The membrane bonded onto the nucrofluidic device can be used to provide a reactor
for nucleotide amplification, e.g., rapid PCR thermocycling. A thin membrane can be provided as
the bottom of the nucleie acid amphification reactor to reduce the thermal insulation of the
system.

1002061 Nucleie acid amplification requires a thermad cycle. This eyele requires the transter of
heat to and from the reagents in the reactor. In some embodiments, the microfluidic device body
and mucleic acid amplification are produced from Polystyrenc (PS), which has poor thenmal
conductivity. In order {o rapidly change the temperatare of the fhud in the reactor, a thin layer of
PS material 1s preferred. During the regular manufacturing of the microthadic device, a 25 pm
thick membrane film is provided sealing the botiom of the thermal eyele reactor.

(002071 The microfluidic device can also have a resistive heater assembled onto the device,
which when placed on the manitold of the controller contacts electrodes and can power the heater
for the thermal cyclmg.

[00208]  For nucleie acid amplification, the heater on the manifold of the controlier 1y
positioned against this film, providing g low thermal resistance path to heat and cool the reactor,
FO0209]  In another embodiment, a heating element can be disposed beneath the amplification
reactor in direct contact with the polystyrene film enclosing the molecular amphification reactor,
Alternatively, a thermally conductive material can be disposed between the beater and the film of
the reactor bottom. According to the various aspects of the nucleic ackd amplification reactor, the
reactor can advantageously have a vohanetric capacity ranging from a fraction of a micvoliter to

tens of nyicroliters.
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FO02107  In another embodiment, the mucleic acid amplification reactor can be supported with a
clamp, assuring contact between the bottom of the chamber and the heater disposed against the
film defining the bottom of the chamber. The clamp also acts as a support © the upper wall of the
reactor to minimize deformation.

{00211} The aforementioned heater may be of various types, such as conventional surface
mount clectronic resistors, thin film heaters, infrared emitters, radio frequency or other known
micro-heaters. In one embodiment, the heater can comprise one or more resistive temperatare
detectors {(RTDs ) According to an aspect, two RTDs can be used for heating and one is used for
temperature sensing. Allemnatively, a single RTD can be used for heating and {emperature
sensing, thus providing a smaller form factor, The one or more RTDs can be integrated into the
chip to form the base of the reactor. The heaters can be controlied vig conditional statement
control or by other known control technigues. In an advantageons aspect, feedback control 13
used with the RTD to ensure that the nucleic acid amplification set point temperatures are
reached.

(002121 In one embodiment, g resistance temperature detector (RTD) can be used as a
temperatare sensor and a resistive heater to thermocyele the nucleie acid amplification reactor.
RTDs are well known in the art and commercially available {e.g., from Omega Engineermg Inc.,
Stamford, CT). An RTD is a high precision resistor with a known first derivative relationship
between resistance-temperature, Therefore, a change in temperature may be measured by
measuring the change in resistance. These sensors are typically made of platinum, either as a
wound wire or deposited thin filo, with a pominal resistance of 106 Ohms. Since the
construction of an RTI) is essentially that of a resistor it may be used as such. With appropriate
cireuitry well known in the art, one may use a single RTD and switeh between heating and
sensing modes. Alternatively, a combination of RTDs can be nsed with some operating as
dedicated heaters and others as dedicated sensors. These constructions provide a compact heating
and temperatore sensing solution.

(002131 Any nucleie acid amplification protocol known 1o the arf can be used with the
naderofluidic device of the invention.

[00214]  Nucleie acid amplification protocols known in the arf can be adapted for use with the

microfhuidie device and methods of the invention, including, but not limited to, polymerase chain
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reaction (PCR), reverse-transeriptase (RT-) PCR, Rapid Amplification of ¢DNA Ends (RACE),
rofling circle amplification, Nucleic Acid Sequence Based Amplification (NASBA), Transcript
Mediated Amplification (TMA), and Ligase Chain Reaction.
[00215]  Protocols comprising several different reactions can be combined and carried out on
the microflundic device.
[00216]  For example, an on-chip DNA extraction/PUR protocol can be carried out on the
devices shown in FIGS, 8-11 and 12-16, which have two fonctional aveas, a sample preparation
arca and 8 nucleie acid amphification arca. FIG. 11 shows an exemplary lavout (mapping) of the
phurality of reagent reservoirs denoted by Cells, Ethanol, Mixer, Waste, Elution, NA T, NA2,
AW, AW2 in the microfluidic device shown in FIG. 10, According to this embodiment, Cells
will hold suspended cells and protetnase K; Mixer will hold buffer AL; Ethanol will hold
ethanol; AW will hold washmg buffer AW AWZ will hold washing buffer AWZ; Elution will
hold elution buffer AL; NAT ik nucleic acid reservoir 1; NAZ 18 nucleic acid reservoir 2;
Amplification master mix s the reservorr for the amplification master wix; Amplicon outlet 1 is
an amplification outlet reservorr 1; Amplicon ounilet 2 is an amplification outlet reservoir 2;
Waste is a waste produet reservolr. The amplification reactor is also shown, as well as ontlets
“Amplicon! outlet” and Amplicon2 outlet™ to an off-chip analysis zone. In one erbodiment, an
on~chip DNA extraction/PCR protocol can be carried out as follows:
1. Add all solutions to thelr respoctive reservons;
2. Circulate cells between Cells-Mixer several times (e.g., S times over 10 nun) for cell lysis and
mixing with the final pass remaining in the Mixer;
3. Pump ethanol from Ethanol to Mixer,

4, Mix ethanolicell solution m the Mixer

14

. Pump tysed cell solution through purification media into Waste {according to an exemplary
aspeet, purtfication media comprises a silica membrane);

6. Pump washing buffer AW through purification media into Waste;

7. Pump washing buffer AW2 through purtfication media into Waste;

8. Remove alcohol absorbed on purification media (this can be accomplished via a controller-
mounted pump drawing air through the purtfication media);

9. Tum off drving pump;
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10. Purap elntion buffer AE from Elution through purification media (inembrang) into NAL;
i
1

)

. Pump elation buffer AE from Elution through purification media (membrane) into NAZ;

[

. Pamp amphification reagent from Amplification master mix reservoir o NAZ;

13, Pump amplification mixture from NAZ through nucleic acid amplification reactor into
Amplicon QOutlet 1;

14, thermal cyele the remaining smplification mixture in the nucleie acid amplification reactor;
15, Pamp amplified products from the amphification reactor into Amplicon Qutlet 2.

16, From Amplicon Qutlet 2, the amplified products is pumped to the nocleic acid analysis area

for detection.
(B0217] 54 Nueclele acid analysis area and analysis methods

[00218]  The microlluidic device can comprise a nucleie acid analysis area. The amplicons
which result from the nucleie acid amplification reaction can be detected in the nucleie acid
analysis area. Any smplicon detection assay known in the art can be readily adapted to the
nucleic acid analysis area. Bach of the nucleie acid purification avea, the nucleic acid
amphification area and the nucleic acid analysis area can be fluidly interconnecied to at least one
of the other two arcas by at least one Huid passage.

H00219]  In another embediment, the microfluidic device can comyprise a sample preparation
area and a nucleic acid amplification area, but lack an on-board nucleic acid analysis area.
Instead, the detection of nucleic acids can be performed in an area (or with a detector) separate
from the microfhadic device (FIGS, 8-16).

[002201  In embodiments of the microfhuidic device comprising a nucleic acid analysis area,
the nuclete acid analysis area can comprise a reactor {reservolr) of reaction arca in which the
detection assay is conducted and one or more reservoirs for any of the following: a hybridization
buffer, a high stringency wash buffer, a low stringency wash buffer, or a conjugation substrate.
[00221] 1o one embodiment the nucleic acitd analysis area comprises an area for detecting an
mteraction between a nucleic acid of interest and a probe for the nucleic acid of interest,

1002221 The invention provides a method for detecting a nucleic acid of interest. In one
embodiment, a sample suspected of containing a nucleic acid of interest is obtatned. The sample
ts mtroduced info the sample preparation area of the nucrofluidic device and prepared for nuclere

acid amplification. The prepared samiple is introdueed into the nucleic acid amplification reactor

(]
Ll
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andd a nucleie acid amplification reaction is run in the nueleie acid amplification area to amplify
the nucleic acid of interest 1s detected. The amplified nucleie acid of interest is then introduced
mito the nuclete acid analysis area and the amphified nucleic acid of interest. The detecting step
can comprise running an end-point detection assay such as detecting an interaction between the
amplified nucleic acid of interest and a probe for the nucleic acid of interest, e.g., detecting
nucleic acid hybridization using standard methods known in the art,
F002231  In one embodiment, the detecting step can comprise visualizing color intensity,
fluorescence intensity, electrical sipnal intensity or chemitumingscence intensity,
1002241 In another ervbodiment, the detecting step can comprise generating an intensily value
corresponding to at {east one molecule of interest in the sample.
(002251 In another embodiment, the intensity value can be selected from the group consisting
of color intensity value, luorescence mtensity value and chemitluminescence intensity value,
current or veltage.
(002261 In another ewsbodiment, generating the color intensity value can comprise analyzing
or digitizing an image corresponding 1o the sample to generaie g plurality of pixels; providing 4
plurality of numerical values for respective ones of the plurality of pixels; and producing
numerical values to provide the color intensity value,
(002271 In avother emvbodiment, a threshold value can be compuied and the color intensity
value can be compared to the threshold value to detect the melecule of interest.
H00228]  In another embodiment, at least one of the color intensity value and the threshold
value can be stored i a database. The threshold value can be computed using at least one
negative control sample.
002291 Also provided are methods for determining the presence of or the predisposition for a
disease or disorder of interest in a subject. In one embodiment, the method can comprise:

a) obtaining a sample from the subject, wherein the sample s suspected of containing a
nucleie acid associated with the disease or disorder of interest;

b} defecting the nucleie acid associated with the disease or disorder of interest mn the
sample, wherein the detecting comprises the steps oft

obtaining a sample saspected of contaming the nucleic acid of interest;

providing a microfluidic deviee of the invention;
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introducing the sample into the sample preparation area;

preparing the sample for nucleic acid amplification;

introducing the prepared sample into the nucleic acid amplification area;

performing a nucleic scid amplification reaction in the nucleic acikd amplification arca to
amplify the nucleie acid of interest,

introducing the amplified nucleic acid of interest into the nucleie acid analysis grea; and

detecting the amplified nucleic acid of interest,
wherein detecting the amplified nucleic acid of interest is associated with presence of or
predisposition for the disease or disorder of mterest.
(00230]  The detecting step comprises determining an amount (or level) of the amplitied
nucleic acid of interest and wherein the method further comprises comparing the amount {or
fevel) with a preselected amount (or level) of the nucleie acid of nterest. In one embodiment, a
difference between the amount (or level) with the preselected amount (or level) s indicative of
presence or predisposition for the disease or disorder of interest.
(002311 Nucleie acid defecting methods that can be performed i the nucleic acid analysis arca
san include, but are not limited to methods well known in the art such as gel electrophoresis,
capillary electrophoresis, visualizing resulls in sfne, electrochemical detection, ete.
(002321 In a specific embodiment, the nucleic acid analysis ares can comprise a reaction
chamber or area for performing a reverse dot-blot assay to detect an amphicon, Such assays are
well known in the art, The nucleic acid analysis area can also comprise an area for detecting an
inferaction in the reverse dot-blot assay, e.g., detecting an interaction on a reverse dot-blot
substrate or insert. Alternatively, the substrate or insert can be removed from the microfluidic
device and mserted into a separate reader or detector.
FO02331  In one embodiment, the nucleic acid analysis arca can comprise an RDB filter fitted
info a reservoir with a frit beneath the Olter. The reservoir can be fitted with or withowt a heater
and can have a larger diaphragm for aggressive pumping. Amplicons can be delivered dirsctly
from the nucleic acid amphfication reactor mixed with the hybridization bulfer and pumped

through the RDB filter in a direction that is normal to the filter.
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[00234] A frit can be used to keep the mix passing uniformly through the RDB filter. The
conjugate can be later bound to the hybridized amplicon and activated for detection or reading
with a commercially available auto reader,

[002331 A large diaphragm can be used to “fuff™ (Le., by gentle mechanical agitation) the mix
and promwote a more rapid rate of nucleic acid hybridization in the nucleic acid analysis area.
[00236]  Standard bench-top procedures use spotted membranes that are placed into plastic
bags and or tubes, which are then placed into a temperature controlled water bath. Some devices
have been made to supplement the bench top procedures; these devices have used large metal,
plastic, and or glass manifolds with rubber gaskets to provide flow through the membrane. These
setups use a solid support with sealing cushions or gaskets. A metal plate with holes has also
been used for supporting stracture and to allow fluid to pass freely through the blotting
membrane,

(002371 The Immunetics MiniSlot® & Miniblotter® System is a commercially available
system thal uses & “seahng cushion” to sandwich the membrane between parallel micro-channels
and a supporiing bottom plate. In a specific embodiment, two art-known systems such as the
Immunelics system can be used to create two flow directions which are perpendicular to cach
other, thus creating a grid-like patiern.

(002381 The RDB flow design can be designed for arrays of spots in a small arca (FIGS. 40-
41). A porous solid support can be used below the membrane. The membrane 1s attached (o the
reservoir’s perimeter only; this avoids interfering with fluid flow through the membrane while
also preventing fluid flow through the perimeter of the membrane. The valves used to pump fhuid
to/from the RDB reservoir are large and subject to sudden changes i pressare. The farge fluid
flow 1s distributed evenly by the charafered layer and mediated by the porous solid support. The
porous solid support not only serves to pass fluid through the membrane slowly, but also
distributes the flow through the membrane uniformly (Fi(. 40). The membrane is fixed at the
perimeter of the reservolr (FIGL 41). The chamfered layer may be replaced by smaller holes, but
this alternative requires optimization based on the size and location of the smaller holes. A
chamifered through-hole distributes pressure evenly over the membrane and requires little to no
optimuzation. The porous solid support also prevents large deflections in the membrane during

pumping and “fluffing.” Fluid flow through the membrane increases hybridization between
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immobilized oligonucleotides and target DNA in solution. The flow through hybridization

process is not ditfusion himited and thus hybridization reactions proceed rapidly.

[00238] 558 Additional compenents and lavout of the microfluidic device
[002461  The microfluidic device can additionally comprise a differential pressure delivery

system, e.g., a controller, that is located on-board or external to the microfluidic device and that
ts operatively connected to the microfhuidic device or o specific areas on the microfluidic device.
In one embodiment, the controller disclosed 1n USZ2007/0166199A1 (Zhou et al,, July 19, 2008,
icorporated herewn by reference) can be used. The controller can provide two pressure sources,
one positive pressure and the other negative pressure. The positive pressure can be used to seal
alves, while the negative pressure is used to open the diaphragms, The arrangement provides
that the fluld pressure 18 never higher 1n the pump than the valve, preventing leakage of the valve,
In one aspeet, the solenokd manifold on the controller can contain three pressure vessels, This
arrangement prevents “cross talk” between the solenoids and provides thatl sepplied pressare to
the valves remains unchanged regardiess of the changes in proximate control solenoids.
1002411 The controfler can comprise, for example, a ppeumatic manifold having a phurality of
apertures, and a chip manifold having channels disposed therein for routing pneumatic signals
from respective ones of the apertures to a plurality of pressure-actuatable membranes
{diaphragms) in the microtflndic device (Fohip™) (see USZ007/0166199A1, Zhou et al., July 19,
2008). The channels in the chip drive manifold can route the pnenmatic signals in accordance
with & configuration of the plurality of pressure-actuatable membranes in the microfluidic chip.
The pnepmatic signals can be routed to at least one signal line in the mucrofluidic chip for
actuating at least one sensor conuected to the signal line. The chip drive manifold can comprise
at least one channel or set of channels for routing a pneamatic signal from a single aperture of the
poeumatic manifold 1o a plurality of the pressure~-actuatable membranes in the microthudic chip.
The channel(s) routes the ppeumatic signal from the aperture to a network of channels branching
from the single channel. The network of channels branching from the single channel route the

preumatic signal to respective ones of the plurality of pressure-actuatable membranes.

3
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[002421  In other embodiments, the microfluidic device can comprise connection means for
vacunm, pressure, electrical, and optical inputfontpot located on the manitold of the controller,
Such connection means are well known in the art,

002431 In one embodiment a vented cover plate can be fixedly placed atop the reagent
reservolrs to prevent possible environmental contamination.

1002441 According to the embodiments described herein, structores and processes enabling
aptomatic sample preparvation/porilication and amphfication are infegrated on a single

microtinidic device platform. No human input 1s required,

[00245] 5.6 Differential Pressure Delivery Source and Pumping Fluids on the
Microfluidic device

(002461 The microfhuidic device can comprise, or be coupled to, a differential pressure
delivery source such as a mechanical air pump or set of air pumps.

(002471 To overcome the problem of pomping widely different solutions (1. viscous ot nop-
viscous solutions in one embodiment, pumps can be located “upstream™ or “downstream™ of a
particular microfluidic element such as a sihica membrane and etther pump can be activated to
best pump {luids through such microfluidic clement. Each of these can be integrated together on
the microtiuidic device o provide the varving pressures to pump viscous and non-viscous fluids
through the same membrane. A separate air pump can also provide enough air flow (o dry the
membrane prior to elution of the nucleic acids {o the nucleie acid amplification area.

[00248]1  The on-chip pumps can create a two-step pump. In one embodiment, the high
viscosity fluid can be pulled through the membrane using a pump downstream of the membrane
axd the fow viscosity fluid can be pushed through the membrane using a different set of pumps
upstream of the membrane while the drying process can use a separate air pump to continuously
pull air through open valves and through the membrane. The on-chip pumps can also be used to
pump the biological sample and wash buffers/reagents to separate locations {(e.g., a wasie
reservoir on the microfluidic device) and the valves can be closed such that the air pump will not
draw any samples or reagents while atr drying the membrane. This can be an important

constderation for biologically sensitive samples,
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(002491 5.7 Omn-chip mixing of fluids

1002561 The ability to rapidly mux two or more separate fluids is a common feature of fluidic
systems. In one embeodiment, the microfluidic device can comprise a small nozzle structure
fabricated beneath a reservoir that can be used to generate a pulsed jet from the bottom of the
reagent reservoir for mixing fluids m the reservorr where the diaphragm below such reservoir
draws fluid down and then pushes it back up through the nozzle. This can be used for “fluffing”
the reaction mixture. Sach flutfing can be psed, e.g., to mix larger volumes and different

et FeServolr.

fe

viscosity solutions within the rea
(002511 In one embodiment, fluffing can be achieved by using a large diaphragm below the
reservolr on the microfluidic device to provide unigue mixing flow pattern by pumping fluid
reversibly through the nozzle at the botiom of the reservoir. In one embodiment, a flow scheme
created by a nozzle and a reservolr can be used as muxer (FIG. 173 A diaphragm is provided on
the device, Attached to that diaphragm is a flow channel and through port. Provided above the
through hole is a reservoir. When the diaphragi is actuated, and the reservoir s sufficiendly fudl,
a jet of fluid will penetrate up through the Huid contained in the reservolr, When the diaphragm is
retracted, floid is pudled down from the reservolr through the port. Then when the diaphragm is
reversed the fluid jet will proceed significantly info the reservoir, bat the subsequent back flow

will draw fluid from the bottom of the reservoir, This provides an efficient means for mixing.

(002521 5.8 Multiple Heater Conditional Synchronization

F002531 1o order to run multiple microfluidic devices sharing component subsystems using
one instrument, multiple heaters can be used. When running mudtiple microfluidic devices all
sharing component subsystems it is desirable that all deviees finish cycling at the same time. In
order to do this the thermal cycling must be synchronized. In one embodiment, this can be
achicved psing conditional logic statements in the control software, comparing the temperature
set point with a temperature measurement from a senser,

(002541 Each heater can be set to a specific temperature that may or may not be the same as
other heaters. The user can then sasily create a conditional statement that will cause the control

seftware to run a loop untid the destred conditions are met. This loop can contam a simple time
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delay, or other commands to ran while the heater temperature meoves toward the set point. Once

the condition is met, the program continues and runs the next command.

(00233 59 Convective Heat Transfer to the Microfluidic device

(802361  In certain embodiments of the microfuidic system of the invention, the device s
removable and disposable. In these embodiments, a heating system can be used in which the
heating element is not divectly contacting the device. This simplifies the device/manifold
mterface, I the heating clement is removed from the device, the heat must still be transferred to
the area where 1t 1s needed. By using forced convection, heat can be transferred from an off-chip
heater to a given area of the device through machined channels or tubes. The design constraints
for both the heater and the interface are simplified.

(002571 A fluid can be heated by placing a resistive element inside a tube and Howing fluid
through that tube, A tomperature sensing clement is placed in the fluid stesm to measure the
temperature and feed this value back fo a control svstem. The heated thad can then be routed

through channels and ports o the arca of the device that requires heating.

002381 S.10 Induction Heating

(002391 In another emvbodiment of the invention, an induction heater can be used for heating
operations on the device {e.g., PCR thermocyeling or RDB)Y. A key benetit of an indaction heater
in this application is the localization of heating, efficiency of heat transfer and the lack of any
direct connection to the microfluidic device (i.e., no electrical contacts o the microfluidic device

are required).

002601 511 Pneumatic Cooling

(002611 During NA amplification reactions, the heater used for thermocyeling mast cool down
rapidly. Cooling can be achieved by any convective or pneumatic cooling element known in the
art, For example, a tabe from the output from a small air pump can be used to cool the heater.
Pneumatic cooling works at room temperature, 25°C, sinve operating PCR temperatures are

between 30-100°C. The larger the temperature difference between the heating element and the air

48



WO 2009/049268 PCT/US2008/079659

in contact with the heater, the faster it cools. The effect can be increased by coupling a heat sink

or a thermal elecinic cooler to the system.

(00262 512 Nucleie acids
[00263]  In certain embodiments, the invention provides a method of amplifving andior

13

isolating nucleic acid molecules of interest (also referred to herein as “nucleic acids of interest,

A%

“target nucleie acids,” “arget polynucleotides™). An isolated nucleic acid molecule (or “isolated
nucleie acid™) is a nucleic ackl molecule {or “nucleic acid™) that 1s separated from other nucleie
acid molecoles that are present in the natural source of the nucleie acid molecule. Preferably, an
“isolated” nucleie acid s free of nucleie acid sequences (e.g., protein encoding sequences) that
naturally flank the nucleie seid (e, sequences located at the §* and 3" ends of the nucleie acid) in
the genomic DNA of the organism from which the nuclete acid is dertved. In other embodiments,
the isolated nuecleie acid s free of intron sequences.

(002641 “Naclete acids of interest,” “target nucleic acids™ or “target polvnucieotides™ refer to
molecules of a particular polynuclootide sequence of interest. Such nucleic acids of interest that
may be analyzed by the methods of the present invention inchude, but are not limited to DNA
molecules such as genomic DNA molecules, ¢cDNA molecules and fragments thercof, including
oligonucleotides, expressed sequence tags ("ESTs™), sequence tag sites ("STSs”), ete. Nucleie
acids of interest that may be analyzed by the methods of the invention also include RNA
molecules such as, but by no means Hmited to messenger RNA (mRNA) molecules, ribosomal
RNA GRNA)Y molecules, cRNA (Le., RNA molecules prepared from ¢cDINA molecules that are
transeribed in vivo) and fragments thereof. In various embodiments, the isolated nucleic acid
molecule can contain less than about 5 kb, 4 kb, 3 kb, 2 kb, 1 kb, 0.5 kb or 0.1 kb of muclentide
sequences that naturally flank the nucleic seid molecule in genomic DNA of the cell from which
the nucleic acid 13 derived. Moreover, an 1solated nucleie acid molecule, such as a ¢IINA
molecule, can be substantially free of other cellular material, of culture medinm whea produced
by recombinant techniques, or of chemical precursors or other chemicals when chemcally

synthestzed.
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002651 The nucleic acids of interest can be DNA or RNA or chimeric mixtures or derivatives
or moedified versions thereof, The nucleic acid can be moditied at the base moiety, sugar moiety,
or phosphate backbone, and may include other appending groups or labels.
(002661 For example, in some embodiments the nucleic acid can comprise at least one
modified base moiety which is selected from the group including but not hmited to 5-
fluorouracil, S-bromouracil, S-chlorouracil, S-iodouracil, hypoxanthine, xanthine, 4
acetyleyiosine, S-{carboxyhydroxylimethyl) aracil, S-carboxymethylaminorethyl-2-thioaridine,
S-carboxyvmethylaminomethyluracil, dihydrouracil, beta-D-galactosylgueosine, mosine, N6-
sopentenyladenine, 1~-methylguanine, -methylinosine, 2, 2-dimethylguanine, 2-methyladenine,
2-methyliguanine, 3-methyleviosine, S-methyicviosine, Né-adenine, 7-nwethylguanine, 5-
methylaminomethyluracil, S-methoxyaminomethyl-2-thiouracil, beta-D-mannosylqueosine, 5'-
methoxyecarboxymethylueaci, S~methoxyuracil, 2-methylthio-No-isopentenyladenine, uwracil-3-
oxvacetic acid {v), wybutoxosine, pseudouracil, gueosine, 2-thineytosine, S-methyl-2-thiouracil,
Athiouraci], 4-thiovracil, S-methyluract, aracil-S-oxyacetic acid methylester, wact-S-oxyacetic
acid £v), S-methyl-2-thiouracil, 3-(3-amino-3-N-2-carboxypropyl) uracil, (acpd)w, and 2.6~
diaminopurine,
1002671 In another embodiment, the nucleic acid can comprise at least one moditied sugar
moiely selected from the group including but not limited to arabinose, 2-fluoroarabinose,
xyhulose, and hexose,
[00268]  In yet another embodiment, the nucleic acid can comprise af least one modified
phosphate backbone selected from the group including but net limited to a phosphorothioate, a
phosphorodithioate, a phosphoramidothioate, a phosphoramidate, 4 phosphordiamidate, a
nmethylphosphonate, an alkyl phosphotriester, and a formacetal or analog thereof.
002691 Nucleie acids for use as primers, probes, or templates may be obtained commercially
or derived by standard methods known in the art, e 2., by use of an automated DNA synthesizer
{such as those commercially available from Biosearch Technologies, Inc., Novato, CA; Applied
Biosystems, Foster City, CA, ete.) and standard phosphoramidite chemistry: or by eleavage of a
larger nucleic acid fragment using non-specific nucleie acid cleaving chemicals or enzymes or

site-specific restriction endonocleases.
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FO02707  If the sequence of a nucleic acid of interest from one species is known and the
connterpart gene from another species is desired, 1t is rontine in the art to design probes based
upon the known sequence. The probes hybridize to nuclete acids from the species from which the
sequence is desired, for example, hybridization to nucleie scids from genomic or DNA hibraries
from the species of interest.

002711 Inone embodiment, a nucleic acid molecule is used as a probe that is complementary
to, or hybridizable under moderately stringent conditions to, an amplified, solated nucleic acid of
miterest,

(002721 In another ersbodiment, & nucleie acid molecude 16 used as a probe that hyhridizes

under moderately stringent conditions to, and is at feast 95% complementary to, an amplifie

nucleic acid of mterest

(002731 o another embodiment, & puclede acid molecule 15 vsed as 3 probe that 1s at {east 453%

-
'4

{or 55%, 653%, 75%, 85%, 95%, D&%, or 99%} identical 1o a nucleotide sequence of interest or &
complement thereof

(00274]  In another embodiment, a nucleic acid molecule is used as a probe that comprises a
fragment of at least 25 (50, 73, 100, 123, 150, 175, 200, 225, 250, 273, 300, 325, 350, 375, 400,
425, 450, 500, 350, 600, 630, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2400, 2600,
2RO, 3006, 3200, 3400, 3600, 3800, or 4000) nucleotides of a nucleic acid of interest or a
complement thereof,

H0027S1 In another embodiment, a nuclete acid molecule is used as a probe that hybridizes
under moderately stringent conditions to an amplified nucleie acid molecule having a nucleotide
sequence of mterest, or a complement thereof. In other embodiments, a nucleic acid molecule is
used as a probe that can be at least 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325,
350, 375, 400, 425, 430, 500, 330, 600, 630, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000,
2200, 2404, 26060, 2800, 3600, 3200, 3404, 3600, 3800, or 4060 nucleotides in length and
hybridize under moderately stringent conditions to an amphified nucleic acid molecule of interes
or a complement thereof.

(002761 Nucleic acids that can be used as probes (or templates) for detecting an amplified
nucleic acid of interest can be obtained by any method known i the art, e.g., from a plasmid, by

polymerase chain reaction (PCR) using svaothetic primers hybridizable to the 3" and 3 ends of the
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nucleotide sequence of interest andfor by cloning from a cDNA or genomic library using an
oligonucleotide probe specific for the nucleotide sequence. Genomic clones can be identified by
probing a genomic DNA Hbrary under appropriate hybridization conditions, e.g., high stringency
conditions, low stringency conditions or moderate stringency conditions, depending on the
refatedness of the probe to the genomic DNA being probed. For example, if the probe for the
nucleotide sequence of interest and the genomic DNA are from the same species, then high
stringency hybridization conditions may be ased; however, i the probe and the genomic DNA
are from different species, then low stringency hybridization conditions may be used. High, low
and moderate stringency conditions are all well known in the st

1002771 Amplified nucleie acids of interest can be detectably labeled using standard methods
kaown 1 the art.

(002781 The detectable {abel can be a Huorescent label, e.g., by mmcorporation of nucleotide
analogs. Other labels suitable for use in the present invention include, but are not limited to,
biotin, anminobiotin, antigens, cofactors, dinttrophenol, lipoic acid, olefinic compounds,
detectable polypeptides, eleciron rich molecules, enzymes capable of gencrating a detectable
signal by action upon a substrate, and radioactive isotopes. Preferred radioactive sotopes

I

. 32 §
mclade, 7B,

S, M, YN and YL, 1o name a few, Fluorescent molecules suitable for the present
invention nchude, but are not limited to, fluorescein and #ts derivatives, rhodamine and its
dertvatives, texas red, S-carboxy-fluorescein ("FMA™), 27 -dimethoxy-4' . 3-dichloro-6-carboxy-
fluorescein ("JOE™), NN N N'-tetramethyl-6-carboxy-rhodanune ("TAMRA™), 6'-carboxy-X-
rhodamme ("ROX™, HEX, TET, IRD40 and IRD41. Fluorescent molecules that are suttable for
the invention further include: cyamine dyes, including but not limited 10 Cy2, Cy3, Cy3.5, Cy§,
Cy3.35, Cy7 and FluorX; BODIPY dyes, including but not fimited to BODIPY-FL., BODIPY-TR,
BODIPY-TMR, BODIPY-630/650, and BODIPY-0630/670; and ALEXA dyes, mchiding but not
Hmited to ALEXA-4EE, ALEXA-532, ALEXA-546, ALEXA-568, and ALEXA-5%4; as well as
other fluorescent dyves known to those skilled in the art. Electron rich mdicator molecules suitable
for the present invention include, bat are not limited to, aterritin, hemocyanin, and collowdal gold.
Alternatively, an amplified nucleie acid of interest {target polynucleotide) may be labeled by
specifically complexing a first group to it A second group, covalently hnked {o an indicator

molecule and which has an affinity for the first group, can be used to indirectly detect the target
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polynucieotide. In such an embodiment, compounds suitable for use as a first group include, but
are not hmited o, biotin and iminobiotin,

(002791 The nucleie acids of mterest that are amplified and analyrzed {e.g., detected) by the
methods of the invention can be contacted to a probe or 1o a plurality of probes under conditions
such that polynucleotide molecules having sequences complementary {o the probe hybridize

L

thereto. As used herein, a "probe™ refers to polynucleotide molecules of a particular sequence 1o
which nuclere acid molecules of interest baving a particular sequence {generally a sequence
complementary to the probe sequence) ave capable of hybridizing so that hybridization of the
targel polynucieotide molecules o the probe can be detected. The polynucleotide sequences of
the probes may be, ¢.2., DNA sequences, RNA sequences or sequences of a copolymer of DNA
ard RNA. For example, the polynucleotide sequences of the probes may be full or partial
sequences of genomic DNA, cDNA, mRNA or cRNA sequences extracted trom cells. The
polvnucicotide sequences of the probes may also be synthesized, ¢.g., by oligonucieotide
synthests fechniques known to those skilled in the art. The probe sequences can also be
svnthesized enzvimatically in vivo, enzvmatically w vitro (e.g., by PCR) or non-enzymatically
vifro,

F00280]  Prelerably, the probes used in the methods of the present invention are immobilized to
a solid support or surface such that polynucteotide sequences that ave not hybridized or bound to
the probe or probes may be washed off and removed without removing the probe or probes and
any polynucleotide sequence bound or hybridized thereto. Methods of immobilizing probes to
solid supports or surfaces are well known in the art. In one particular embodiment, the probes
will comprise an array of distinet polynucleotide sequences bound to a solid {or semi-solid})
support or surface such as a glass surface or a nylon or nitroceinlose membrane, Most
preferably, the array is an addressable array wherein each different probe is located at a specific
konown location on the sepport or surface such that the identity of a particular probe can be
determined from its location on the support or surface. In a speaific embodiment, the method
described in Section 6. 10 can be used {0 immobilize nucleic acid probes to a solid support or
surface.

{00281]  Although the probes used in the invention can comprise any type of polynucleotide, in

preforred embodiments the probes comprise oligonucleotide sequences {i.e., polynucleotide
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sequences that are between about 4 and about 200 bases in length, and are more preferably
between about 15 and about 150 bases in length). In one embodiment, shorter oligonucleotide
seguences are used that are between about 4 and about 40 bases in length, and are more
preferably between about 15 and about 30 bases in length. However, a more proferred
embodiment of the invention uses longer oligonucieotide probes that are between about 48 and
abont 80 bases in length, with oligonucleotide sequences between abont 50 and about 70 bases in
tength (e.g., oligonucleotide sequences of about 60 bases in length) being particularly preferred,
(002821 513 Kits

(002831 In an additional aspect, the invention provides a kit that can comprise, in one of more
containers, a microfluidic device of the invention with one or more of the following: a controller,
visualization or detection apparatus, one or more nucleic acud primers, sample preparation,
nueleie acid smplification andfor nucleie seid dotection or analysis reagents, buffers, and
washing agents, or instractions for using the device, The reagents i contaiers can be i any
form, e.g., lyophilized, or in solution {e.g., a distilled waler or buffored solution), ele. The kit can
be used, accordimg to the methods of the invention, for the detection or measurement of a
molecule of mwterest, The kit can also be used for production or synthesis of a molecule of
interest.

(00284 A controller can also be supplied as part of the kit or as an adjunct to the kit. The
controlier is typically purchased once (upfront) by the consumer for use with one or more kits
that are purchased on a per-assay basis.

[002851  The following examples are offered by way of lustration and not by way of

Hmitation,

6. EXAMPLES

[00286] 6.1 Example 1: Microfluidic device embodiment with three functional
arcas

[O0287]  This example deseribes an embodiment of the microfluidic device (Tehip™) that has

three functional arcas, a sample preparation area, a nucleic acid amplification arca and a nucleic
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acid analysis area is an area {or carrying out amplification product assays (FIGS. 1-7y and an
exemplary method tor using the device.

(002881 FIG. 2 15 an isometric exploded view of the embodiment of the microfluidic deviee in
FIG. 1, showing the valve map.

(002891 FHG. 3A 18 a top view of the embodiment of the microfhuidic device in FIG. 1,
showing the sample preparation area (“nucleic acid {NA) extraction area”™), the nucleie acid
amphification area (in this embodiment, a "PCR area™) and the nucleic acid analysis avea ("RDB
arca’ ). Also shown is the layout of valves, microfluidic channels, through-holes, and a low
density DNA filter on the device. In this embodiment, 8 reverse dot blot (RDB) end-point
detection assay can be performed in the nucleic acid analysis area. Waste; waste reservoir,
[00290]  FIG, 3B is a top view of the embodiment of the micrefluidic device m FIG. 1,
showing the sample preparation area 101, the nucletc acid amplification arca 102 (comprising a
nucleie aeid smplification reactor 112) and the nucleie acid analysis area 103, and the layvout of
valves, microfluidic channels and through-holes on the device. Reservoirs for analysis avea 113,
(002911 FIG. 4 is g functiona! map of the embodiment of the nucrofhudic device m FIG. 1,
showing the functions and reservoirs {e.g., reagents} associated with various reservoirs, Wi,
Wash Buffer 1. W2, Wash Buffer 2. HB. Hybridization Bufter. B, Conjugation Buttfer, Sub,
Substrate Buffer.

(002921 FIGS. 5- 7 are diagrams that show the progrossive operation of the microfluidic
device of FIG. 1. Dotted lines indicate the flow of a sample as it is processed through the device,
In FIG. 3, cells are mixed with butfer AL and Proteinase XK for 3-10 minutes at room temperature
by pumping back and forth from R1 to R2 several times The contents of R2 is mixed with
cthanol by punaping back and forth from R2 to R3 several times. The mixed sample is transferred
from R3 through the nucleic acid extraction media and to the waste reservoir via pumping. AW]
and AW2 is transferved through the nucleic acid extraction media and to the waste reservoir via
pumping. The nucleic acid extraction media is dried by turning the air pump on for 5-10 minutes
and blowing or drawing air through the nucleic acid extraction media.

(602931 In PIG. 6, nucleie acids {e.g., DNA or RNA) are eluted 1o reservoir NAT by pumping
chution buffer through the nuclerc acid extraction media {o reservoir NAL Amplification mix is

mixed with eluted nucleie acids by pumping alternately from RE and R7 to RY. Amplification
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mix is pumped with the nucleie acids into the thermal evele reactor, where a nuclete acid
amphification reaction is performed.

(002941 In FIG, 7, 150g! hybridization buffer is punmped into the nucleic acid analyvsis (2.2,
Reverse Dot Blot or RDB) reservoir. Incubation is performed for § minutes, About ¥ — 10 pl of
the amplification product is heat denatured at 95°C for 5 mimutes. The amplification product is
pumped nto the nucleic acid analysis (RDB) Reservoir. Solution is mixed by “fluffing” which is
repetitive opensclose operations of valve 32, The solotion is incubated for S minutes and s
contents empticd to waste. The membrance is washed twice by pumping 150 gl buffer W2 into the
reservoir, incubating for 1.5 minutes, and removing to waste. 150 pl conjugation buffer is
pumped into the nucleic acid analysis (RDB) reservolr, The solution i3 mixed by repetitive
open/close operations of valve 32, The solution 18 incubated for 3 minotes and the reservoir
contents are empiied to the waste reservolr. The membrane is washed 4-3 times by pumping 150
wl buffer W1 inte the reservorir, incubating for 1 minute, and removing butler to waste, 100 ul of
the substrate is pumped to the veservolr, incubated for S-10 mimaes, and the reservoir conlents
are cmiptied 1o the waste reserveir. The membrane is washed twice by pamiping 150 ul buffer W2

info the reservoir, incubating for 1.5 minutes, and removing the buffer to the waste reservoir,

(302931 6.2 Example 2: Microfluidic device embodiment with two functional aveas
[00296]  This example describes another embodiment of the microfluidic device (Mchip™} that
has two functional areas (FIGS. 8+11) and a method for using i

002971 FIG. 8 shows another embodiment of the microfluidic device with two functional
areas, the sample preparation area and the pacleic acid amplification area. As indicated by
arrows, the sample preparation area comprises reservoirs for sample input and preparation,
sample purification and nucleie acid extraction. The nucleie acid amplification arca comprises g
nucleic acid amplification reactor (Camplification chamber™). This embodiment of the device also
comprises a nucleie acid amplification products extraction area (“amplified products extraction
area’™), which is an area in which amplicons are extracied from the microfhadie device alter
nucleic acid amplification is complete. This particular embodiment of the device has dimensions

of 50 mum ¥ 38 mm.
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FO02981  FIG. 9 is an exploded view of the microfhidic device of FIG. 8, showing its three
fayers (for clarity, the device is shown without the membrane).

(002991 FIHG. 10 1s a top view of the microfluidic device of FIG. &, showing a map of the
reservoirs, channels, valves and pumps of the device,

(003061 FHG. 11 is another top view of the microthudie deviee of FIG. 8, showing a map of
the pumps, valves and channels on the device.

F00301] o this embodiment of the microlluidic device, the reservoirs are as follows (FIG. 11y
Cells suspended cells and Proteinase K

Mixer — buffer AL

Ethanot - Ethanol

AW ~ Washing buffer AW1

AWZ - Washing buffer AW2

Elution - Elution buffer AE

NAT — Nucleie acid reservoir |

NA2 ~ Nuclewe acid reservoir 2

Amplification master mix - Amplification reagent reservolr

Anmplicon outlet 1 - Amplification outlet reservoir 1

Amplicon outlet 2 — Amplification outlet reservoir 2

Amplification reactor

003021 An example of the progression of sample preparation during the operation of the
embodiment of the microfluidic device shown in FIG. 11 is as follows:

t. Circulated cell tysis, 10-15 mun.

R

. Mix with ethanol

. Transmit fysed cell solution to Si membranefwaste

T

. Transmit AW and AW?2 to 8t membrane/waste

L A

- Vacuum on for 3-10 min for deving

el

CElution T and 2
7. Mix with PCR master
8. Load PCR regotor

9. PCR reaction
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10, Discharge PCR product

[G0303] 63 Example 3: Microfluidie device embodiment with two functional areas
FO0304]  This example describes another embodiment of the microfluidic device (“chip™) that
has two functional areas, a sample preparation area and a nacleie acid amplification area, but
does not have an on-chip nucleic acid analysis area (FIGS. 12-16).

FO03051  The device has body dimensions of 30 mm x 38 mm and comprises three sandwiched
layers that are bonded by a weak solvent bonding method of ULS, Patent Application
2000/0078470A1. The device further comprises a plurality of reservoirs disposed on a top
surface of the device and in fluid connection with varlous valves and network of fluid channels.
The device also comprises 4 nucleic acid amplification reactor that forms part of the functional
fluadic network.

H003061  FHG. 13 shows the layout of the embodiment of the microfluidic device shown in FIG.
12, with three groups of bi~directional puraps depicied: for sample preparation, for PCR reagent
preparation and for loading, Fluid can be transferred between reservoirs sharing the same pump
diaphragm. The group of reservoirs eircled *“27 and 37 adjoining the nucleic acid amplification
arca are groups of reservoirs Hotdically imterconnected with the amplification area. The group of
reservolrs circled “17 is a group of reservoirs in the sample preparation area. According to this
embodiment, there are three groups of pumps. Fhud can be transferred between reserveoirs

sharing the same pump diaphragm. In this embodiment, seven of the pumps in group one, three
of the pumps in group twe, and two of the pumps in group three are used. In this embodiment,
the pumps are bi-directional, Multiple source reserveirs may be combined into one destination
reservolr stmultancousty to create better mixing effects.

003071 Inone example of a method based on this embediment {FIG. 14), cells are mcubated
with cell fysis buffer and Proteinase K at room temp for 53-10 min in reservoir R1. The cell lysis
mixture is mixed with EtOH/DNA binding buffer from reservoir R2 by pumping R and R2
allernatively into R3. The mixed sample is transferred from reservoir R3 to the hilter reservoir
am the solution is pulled through a purification membrane {e.g., a sihica membrane} that is

located at the bottom of the reservoir,



WO 2009/049268 PCT/US2008/079659

FO0308]  The DNA that bas bonded with the filter is washed with washing buffer 1 and the
waste s transferred to the waste reservoir (FIG. 153, The bonded DNA 15 then washed with
washing buffer 2 and the waste ts ransferred to the waste reservoir. The air pump is turned on for
a few minutes to dry the membrane. Elution buffer is pumped to the filter reservoir, incubated
and eluted to mucleic acid reservoir NAT. At this stage, some DNA can be aliquoted for bench
top runs snd the remaining is used for an on-chip run.

FO03091  DNA template 1s transterved from NAT to Nueleie Acid Amphification Mix and mixed
{FIG. 16}, Nucleie Acid Amplification master mux is pulied with DNA template into the reactor,
where a thermal cycling protocol 1s performed. Nucleie acid amplification produoct is pomped
inte the product reservolr, At this stage, some DNA can be aliquoted for bench top runs and the

remaining is used for an on-chip run.

[00318] 64 Example 4: Amplification of Total RNA Using Mierofluidic Device
(003117 This example describes the results of amplification of total RNA generated from HEK
2937 cells using the embodiment of the microfluidic device shown in FIGS. §-11. Total RNA
was prepared on~chip and analyzed by gel electrophoresis using the following protocol:

F003121 0.1 N NaOH were run through all chambers of ¢chip and repeated several times.
(003131 The chip was rinsed with water extensively by pumping water through all chambers,
air dricd, and the columns were assembled.

H00314] 2 tubes of HEK 293T cells were thawed and centrifuged using routine methods, and
the superpatant was removed.

003151 600 wd of RUT/Bme (prep 2.0 ml RLT with 20 ul Bme) was added to each pellet,
resuspended and the pellets were combined.

[00316]  The resuspended pellet was homogenized by passing it through a Qlashredder column
{2 sequential runs), using standard methods.

003171 The volome was brought up © 1.5 ml with RLT-Bme and transferred to a 5 ml culture
tube.

fO0318] 1.5 mi of 769 FtOH was added to the tube and mixed by inverting.

HO0318]  3x200 ul aliquots nto were removed and placed mto separate tubes.
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(003207 To these tubes were added 300 plof 1] RLT-Bme : 70% EtOH and mixed well,
These tube correspond to samples 1-3 of Fig 13 {Qiagen control).

(003211 A standard off-chip cohumn protocol (Qiagen RNeasy Mini Kit, Cat No. 74107} for
Samples 1-3, and 10 was followed. RNA was cluted into 30 ul water (not prewarmed).

003221 200 pl of the remaining original sample volume not used in Samples 1-3 were loaded
directly into individual sample indet columns on-chip by pipetting and using the pump to pull
through the column to waste. The remaining sample volume was processed off chip along with
Samples 1-3 and denoted sample 10 (Qiagen control).

1003231 The on-chip columns were washed with RW1, 2x22 ul.

(00324}  The on-chip colunms were washed with RPE, 4x22 b

(003251 The columns were gllowed to dry for approximately 20 mm.

(003261 Following drying of columns, 30wl of roomn temperature water was added to chip
samples 4-6 (by pipetting directly on column} and the samples were incubated for 10 min. The
pure RNA was collected using on-chip puanping.

(003271 30 pd of warmed water was added to chip samples 7-9 (by pipetting divecily on the
column) and the samples were incubated for 10 min. The pure RNA was collected using on-chip
punping.

(003281 Apother 10 gl of room temperature water was added to each column while pomping,
(003297 Pure RNA was transforred to a 1.5 mi tube to which another 20 ud water was added to
account for lost volume from the chip.

(003307 Absorbance was read af 260 and 280 nm; 5 plin total of 200 ul water (40x dilution).
003311 S ul of each sample was analyzed by using standard agarose gel electrophoresis; 1%
agarose/ TAE gel; 100 Volts, 30 min.

1003321 Asseen in FIGUIR, the on-chip RNA preparation yielded similar quantity/quality of
RNA compared to a standard Qlagen method (RNeasy Mim Kit, Cat No. 741073, This
experiment also confirmed that during the on-chip nucleic acid preparation the on-chip
diaphragm pump performs smoothly m handling high viscosity materials.

[60333]  FIG. 19 shows the result of a RT-PCR amplification conducted on the microfinidic
device (“chip”™) shown i FIGS. 8-11. The Invifrogen SaperScript™ One-Step RT-PCR with

Platinum® Tag System was used for a PCR conducted in the nucleic acid amplification arca.
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Total RNA generated from HEK 2937 cells was prepared on-chip as described above, and used
for template RNA, Primers recognizing B-actin were used to generate the ¢cDNA and to amplify
actin ¢DINA via PCR (RT-PCR). The forward primer was: ACG TTG CTA TCC AGG CTG
TGO TAT [SEQ D NO: 1] (present in Exon 3). The reverse primer was: ACT CCT GCTTGC
TGA TCC ACA TCT [SEQ D NO: 2 (present i Exon 5. The expected product was obtained,
i.¢., a cDNA amphicon of 687.

(003341 RNA was generated from HEK 2937 cells. Primers recogmzing beta-actin were used
to generate the ¢DNA product and to amplify actin ¢DNA via PCR (FIG. 19). Lane 1, DNA
standards; Lane 2, amplicon product from RT-PCR performed on-chip, Lane 3, input RNA (1
il

(003331 FIG. 20 shows the on-chip repeatability for eight PCR runs for varying thermal cycles
and rum times as shown,

[00336] FIG. 21 shows comparative results between the mucretluidic device and a
conventional bench top PCR platform. For 53000 plasmid copies over 30 thermal eycles, the on-
chip resuits were obtained in one how compared to 1.73 hours for the beach top run.

[003371  FIG. 22 shows a typical eyele from the PCR thermal cycler used in this experiment in
conjunction with the microfluidic device, The graph at the bottom is an expanded view of several
of the first four cycles shown in the top graph.

FO0338]  FIGL 23 shows the resalts of a RT-PCR protocol run on the microflnidic device.
Briefly, HIV RNA was isolated using bench top (bt} and on-chip protocols as follows, 20,000
{Bti}and 2,500 (B12) copies of Armored RNA were used for hench top and on-chip RNA
isolation. Bench top elute volume way 50 ul; theoretical 100% yield 15 408 copies RNA/. On-
chip ehiie volume was 20 pl; theoretical 100% yield is 125 copies RNA/ulL A 1 ml elute volume
was used for RT-PCR.

[003391 A standard RT-PCR protocol known in the art was ran using reverse transeript for 30
minutes at S0°C followed by 15 munutes af 957°C then the PCR protocol was run for 40 cycles
using 45 seconds at 95°C then 45 seconds at S8°C and 60 seconds at 72°C. Isolation vields were
estimated from gel images after RT-PCR.

003461 As shown in FIG. 23, the RNA obtained from the onechip run vielded at least a

comparable amouant of RNA as the same protocol performed on the bench {op under wdentical

i
(EX]
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experimental conditions using the Qiagen RNAEasy kit Lane 11 molecular weight standards.

Lane 2: Bt1-RNA. Lane 3: B&2-RNA. Lane 4: Chip-RNA.

(00341] a8 Example 5: Methods for detecting PCR products using a microfluidic
deviee

1003421 The following data demonstrate that a user can utilize the microfluidic device to
rapidly and easily perform PCR with virtually no intervention. All necessary steps, meluding the
lysis of cells, extraction and purification of DNA or RNA, and PCR or RT-PCR of the nncleic
acids can be achieved on a single microfhudic device system. Furthermore, a system has also
been designed that is capable of denaturing the PCR amplicons and detecting the PCR products
vig hybridization on an array of oligonucleotide probes by reverse dot blot {(RDB) analvsis,
(003431 The embodiment of the microfluidic device used in this example had twe functional
arcas. The embediment shown in FIGS. &-11 was actually used, but the microfluidic device
shown wy FIGS. 12-16 could also be used. The microfluidic device had an inexpensive three-
lavered polystyrene-based lamination system that once assembled and laninated by a propriciary
process, creates pumps, valves, microftuidic channels, reagent reservoirs, DNA/RNA
extraction/purification componenis, and thermocyching capabilities. In addition, the design of the
system enables a bidirectional How of fluids that is very usetul for certain assay steps such as cell
tvsis. Finally, thore is no fhadic contact between the microfluidic device and the controlier, thus
reducing the possibility of conlamination.

[003441  The configuration of the various microchannels, pumps and valves, can be easily
changed, and the tormat of the microfluidic device 1s sufficiently versatile to permit the analysis
of a broad spectrum of specimens. Briefly, with reference to the embodiment shown in FIGS. 12-
16 {(although the embodiment in FIG. 8-11 could also be used) a sample progresses through the
following steps as it is subjected to nucleic acid amplification analysis on the microfhuidic device
system {(F1GS. 14-163.

. The raw chimcal sample is introdaced inlo reservoir R1, which contains cell lysis buffer and
Proteinase K.

2. Contents of R1 are mixed with ethanol and nucleic aeid binding buffers contained in reservoir

R3 by pumping R1 and R3 alternatively into reserveoir R2.
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3. The mixed sample (now in R2} is transferred to the filter reservoir (Filter Res) and pulled
through a silica membrane located at the bottom of the reservoir, to bind the extracied nucleic
acids to silica.

4. The silica~-bound nucleic acids are washed with buffer contained in W1, with the waste
transferred to the waste reservoir,

3. The sitica-bound nucleie acids are washed with buffer contained in W2, with the waste
transferred to the wasie reservoir

6. The air pump is tumed on to dry the silica membrane.

7. Elution bulfer (from reservoir Elu) 1s puroped to the Filter reservoir and incubated, followed
by elution of 23 ul. of purified nucleic acid into reservoir NA L

8. The purified nucleic acid from NAJ is transferred to the nueleie acid amplification Mix
reservoir and the template mixed with the nucleic acid amplification reagents in 1:9 ratio (i.e.,
primer pairs and all other nucleic acid amplification reaction components}.

9. The nucleie acid amplification master mix and nucleic acid template s pulled mto nucleic acid
amplification reactor.

10. Nucleie acid amplification thermal cycling is performed within nucleic acid amplification
reactor,

11, The final nucleic acid amplification products are pumped into the product reservoir (PCR
Prod).

F003451  RNA isolation and purification

003461 To determine if the microftuidic device can efficiently exiract and purify RNA ina
nianner stnilar o “bench top™ methods, RNA was isolated from human embryonic kidney cells
{HEK 293-T) by subjecting equal quantities (300,000 cells) of cells to extraction using both the
microfluidic device and the bench top both using the (Magen RNeasy protocol. Agavose gel
clectrophoresis of muultiple replicates of each of the two protocols tndicates that the microfluidic
device performed equivalently to the “bench top” methodology (FIG. 18},

(003471  PCR Comparison using a bench top thermocycler and the microftuidic device
System

003481 To demonstrate that effective thermocycling can be accomplished on the microfluidic

device, 5 x 10" copies of plasmid (pripGL3) were amplified throngh 30 eycles using either a Bio-

55



WO 2009/049268 PCT/US2008/079659

Rad MJ Mint Thermeeyeler or the thermoceyeler used 1o the microtiunidic device mounted on the
controlier. In both cases the appropriate amplicons were oblained, as viewed by agarose gel
electrophoresis, imdicating that the microflutdic device system was capable of generating the
correct amplicons, with virtually no “hands on” effort required (FIG. 21).

1003491 Use of the microfluidic deviee System to Detect f-thalassemia and HPV

003561 Once the general conditions of the nucleie acid extraction and purification, along with
the microfluidic device thermocyceling have been developed, detection of specific gene targets
upon introduction of raw samples is accomplished. In order to demonstrate how quickly a
particular prototype microtlnidic device conld be configured to detect the targels of interest,
microfluidic devices were developed that performed bench top protocols academic faboratories
have already developed to detect particular targets of interest via PCR analysis. Without any
stgnificant optimization of the microfhudie device the system o perforn all required preparative
and snalytical steps (L.e,, cell lysis, nucleie ackd extraction.-’puriﬁcation acd PCR amphification)
using standard assay conditions and protocols known m the art.

(00351 Using this approach, various difterend clinical specimens have been analyzed. By way
of example, whole buman blood (56 ul) was introduced into the micrefluidic device and by
means of the bidirectional flow between the sample reservoir and the lysis buffer reservoir, the
cells were tysed. Nucleie acids were flowed through the silica membrane component on the
microfhudic device.

003321 Finally, after 30 cycles of PCR two identical samples that were PCR amplified in
parallel psing either & bench top thermwoceveler (lanes 4-53) or the microfluidic deviee system
{lapes 2-3) were analyzed on agarose gels (FIG. 24).

(003531 Furthenmore, lanes 2 and 4 were obtained from one specimen while lanes 3 and 5
were obtained from a second specimen. The apparent diserepancy in signal infensity regarding
the stronger signals obiained through the bench-fop PCR reaction 1s most likely due to the
different volume of starting material employed for the microfluidic device. The starting volume
of the bench top PCR analysis was 200 gl. while that used in the microfluidic device was only 30
i, More mmportantly, the clectrophoretic mobility of both sets of PCR amplicons was virtually

identical.
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[003541  In a sumilar manner, vaginal swabs were analyzed by PCR for the presence of human
papilloma virus (HPV) asing the L1 gene degenerate primers MY0OO/MY 11 (Gravitt PE, Peyton
CL., Apple R, Wheeler CM: Genotyping of 27 human papitlomaviras types by using L1
consensus PCR products by a single-hybridization, reverse Hne blot detection method. 1 Clin
Microbiol 1998, 36{10):3020-3027).
003551 Vaginal swabs were placed into PBS buffor and afier agitation, the supermatant was
analyzed for the presence of HPV using either bench top PCR methods or the microthudie device
system. As shown in FIG. 25, the microtinidic device system provided results that were
essentially identical to those obiained using bench top methods.
[00356]  Three individual vaginal swabs were suspended in PBS and cither subjected to “hench
fop™ (right) lysis, DNA extraction/puritication and PCR or simply introduced mto g microfluidic
device {right} and all functions automatically performed. Samples 1, 2 and 3 represent three
mdividual samples that were split into two aliquots and analyzed as described above,
(03571 In the case of the bench top method, viral DNA was first isolated and purified and
then PCR amplilied using a bench top thenmocycler. In the case of the mucrofiuidic device
system, the PBS supernatant was simply added to the sample well and alf functions were
automatically pertormed (including viral Tysis, nuclete acid exiraction/parification, and PCR).
(0033871 A microfluidic device that incorporates a reverse dot blot (RDB) modale (le, &
nucleic acid analysis area) to detect human papilloma vives (HPV) was used. HPV was obtained
from vaginal swabs and subjected to PCR amplification using primer pairs that can amplify
multiple serotypes of HPV. On the microfluidic device, the biotinylated amplicons were
denatared and allowed to How onto the 4 < 4 array of probes against serotypes HPV-11, HPV-16,
HPV-31, and HPV-52, following the protocol schenatically described in FIG. 27, HPV-32 (top)
and HVP-11 (bottom} were correctly detected in the integrated microfluidic device system (FIG.
26).
003391 To test its wiility, we amplified vaginal swab samples with MY0%MY 11 degenerate
primers {Peyvton CL, Wheeler OM: ldentification of five novel haman papillomavirus sequences
in the New Mexico triethnic population. J Infect Dis 1994, 170(5):1089-1092) that can amplify a
artety of different HPV serotypes (HPV 11, 16, 31 and 52). Both primers were biotinylated a

their §” ends to generate double stranded, biotinylated amplicons. The RDB module was

¥
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configured to denature the PCR amplicons and flow them ento the surface of a dot blot array
{Immunodyne €, Pall Life Sciences, Ann Arbor M1} where the amplicons hybridized with thew
respeetive capture probes.

(003601 In addition to the above studies, we have successfully used the microfiuidic device
system to detect HIV-1 in both plasma and saliva, achieving resuliy equivalent to those obtained
using “hench top”™ RT-PCR methods,

(003611 Taken together, these preliminary data show that the microthadic device can be used

to achieve fully automated PCR or RT-PCR analvsis of clinical samples in an easy-to-use format.

(00362] 6.6 Example 6: On~chip processing of £, cofi Sample

[00363]  The embodiment of the microfluidic device used m this example had fwo functional
areas (FIGS. 12-16). DHSa, a dertvative of the non-pathogentc K12 strain of £, coli, was used as
the source of the sample for on-chip processing. The primers were generated based on the
genome of DHI10b. 168 vibosomal RNA encoded by the rrs gene . "Enterobacterial commaon

antigen” {ECA) is encoded by the wayE gene. Primers used were 168 307 (7X/genome) and

ECA 178 (1 X/genome ) (see Bayardelle P. and Zafarallah M. (2002) Development of
oligonucleotide primers for the specific PCR-based detection of the most frequent
Enterobacteriaceae species DNA using wee gene templates. Can. 1. Microbiol. 48: 113-122),
[00364]  FIGS. 14-16 are schomatic diagrams of the operation of the embodiment of the
microfluidic device used in this experiment. The arrows show the progression ot the £ coli
sample as it was processed on the device. In FIG. 1401 £ coli was incubated with cell ysis
bufter and Proteinase K at room temp for 3-10 min in reservoir R1, 2. The sample was then
nixed with BEtCH/DNA binding buifer froms R2 by pumping BRI and R2 alternatively into R3. 3.
Mixed sample were transferred from R3 1o the filter reservoir and the solution was pulled
through a silica membrane located at the bottom of the reservoir.

003631 In FIG. 150 4, The bonded DNA is washed with washing baifer 1 and the waste
transferred to waste reservoir. 5. The bonded DNA 15 then washed with washing bufier 2, and the
waste transferred 1o the waste reservoir. 6. The air pump 18 then turned on for a few mumites to

draw air through the silica membrane to dry the sihea membrane. 7. Elution bufter is pumped to
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the filter reservoir, incubated and eluted to NAT. At this stage, some DNA can be aliquoted for
bench top runs and the remaining is used to progress with the on~chip run.
(003661 In FIG, 16: 8. DNA template s transferred from NAT to PCRMix and mixed. 9. PCR
master mix is pulled with DNA template into the PCR reactor. 10, PCR thermal cycling
conducted. 11, PCR product pumped into the product reservoir. At this stage, some DNA can be
ahiquoted for bench top rans and the remaining s used to progress with the on-chip run.
[003671  The automation reliability and automation efficiency was assessed, using PCR
sensitivity analysis and absorbance studhies, by determining the success rate when an automated
run was conducted with a “reasonable” (10° level) £, cali loading. S0-80% success rates were
obtained using both designs. For many commercially available PCR products, ~90% successiul
rate is typical.
(003681 Automation efficiency was assessed by comparing the NA extraction and PCR results
obtained from the microtlutdic device versus the bench top result.
(60369]  There were two sequential on~chip operations: mucleic acwd (NA) extraction and PCR
amphification. Direct comparison for NA extraction al low £ coff loading was difticult because
PNA from 20 pl sample of 1000 £ colff 7 ui gives nise to undetectable UV absorbance for
conventional UV spectrometer,
(003701 FEG. 28 shows a comparison between two chips processing 1,000 E.coll loaded into
apple juice. The loaded juice was prepared and the DNA purified on-chip then two 1 pl aliquots
were removed and amplified on the bench top and the remaining purified DNA was amplified
on-chip. The product was removed and analyzed on gel as shown. Lane 1 and Lane 2 of each
chip’s product represent the aliquot which was amplified on the bench top and Lane 3 in cach
case represents the on-chip amplified produoct.
00371 For PCR, DNA extracted on~chip 1s used as template for both bench top and on-chip
PCR rans to determine the on-chip PCR etficiency. FIG, 29 shows a comparison of bench top
and on-chip PCR results using on-chip extracted IINAL £ cofi loading ranges were from
Sx10%ul -1x10%ul.

003721 When the loading is sutficient, on-chip and bench top results were very comparable.
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003731 6.7 Example 7: Detection of £, coli in food matrices using the microfluidic
device

(003741 The mam objective of the present study was to demonstrate that an embodiment of the
microfiuidic device can effectively perform all preparative and analytical steps to detect £, coli in
food matrices such as apple juice, apple cider and milk using a PCR-based assay.

FO03731 K coll stram DHS « was grown in culture and introduced into the various matrices
used. Two different gene targets were used in this study. A 16s rRNA gene {encoded by rry

gene), a highly conserved gene observed across bacterial families and species, and the

t?

erterebacterial common antigen, ECA {encoded by the wizk gene), common to the
Enterobacteriacen family were PCR amplified. The PCR primers used to detect the ’TRNA and
ECA genes were expected to generate amplicons of 367 bp and 178 bp, respectively.
[003761  Two separate embodiments of the microfluidic device were evaluated and three
separate £, caolf introduced samples (apple juice, apple cider and k) were evaleated at loading
concentrations ranging from 1000 to 500,000 microbes. Finally, a total of approximately 100
microfluidie deviee runs were performed during this preliminary study.
(003771 Results
(003781 Although two different designs were evaluated during this study, this example focuses
on only one of the designs evaluated (FIGS. 18-21), This microfluidic device utilizes two
functional areas on a single microfluidic device, The first area incorporates all sample
preparation {Le., cell lysis, DNA extraction/purification), and the second is for PCR
amplification. Within these areas ave located three groups of pumpsivalves to accomplish the
various functions, Fluids can be transferred between the various reservoirs sharing the same
pump diaphragm. In addition, nialtiple source reserveirs can be combined into a single
destination reservoir to accomplish effective mixing, which can also be enhanced by the bi-
divectional nature of the pumps. Briefly described, the followmg steps were.

1. Incubate 20 ul. E coli sample with cell lysis buffer and Proteinase K at room temperature

for S-10 min in R1.
2. Mix Rl with EtOH/DNA binding baffer from R3 by pumping R1 and R3 alternatively

into R2.
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L

Transfer mixed sample from R2 to the filter reservoir and pull the solution through a
silica membrane located at the bottom of the reservoir to bind the extracted DNA to silica.
4. Wash the stlica-bound DNA with washing buffer 1 in W1, transfer the waste to waste

TOSEEVOIE.

LA

Wash the sihea-bound DNA with washing buffer 2 in W2, transfer the waste to waste
Yeservolr,
6. Turn the air pamp on for a few minutes {o pull air through the silica membrage i order to

dry the silica membrane

e

Pump Ehution bafter (Trom reservoir Ela) to Filter reservorr, incubate and elute 25
purified DNA to reservoir NAL

8. Transfer DNA template from NAT to the PCRMixX reservoir and mix template with the

PCR reagents in 119 ratio (Le., primer pairs and all other PCR reaction components).

9. Pull PCR master nmx with DNA template into the PCR reactor.

18. Conduct PCR thermal eycling within PCR reactor.

11, Pump PCR product into the product reservoir {PCR Prod).
(003791 Although approximately 100 separate assays were performed during this preliminary
eftort, this example describes representative data that was very reproducible from run to run. The
data presented m FIGS. 2837 represent resylts obtained from the introduction of a known
amount of It cofi into PBS buffer, apple cider, apple joice and railk.
003801 We found that when Quagen DNAEasy kit was used to extract DNA, the sample
volume may vary from 10-30 ul to no noticeable effect.
(003811 Afler the sample was placed in RY with cell tvsiy bulfer ATL and Proteinase K, it was
then automatically processed as described above and the final volume of the DNA eluted from
the silica membrane was 23 gl To conduct PCR, the DNA template was mixed with PCR
master in the ratio of’ 1:9 before it was introduced into the thermal eycling chamber. Therefore,
even if i the unlikely event the DNA recovery was assumed to be 100%, the total amount of
DINA that wounld ultimately be PCR amplified would theoretically vepresent DNA obtained from

+ iy ot
ne more than 1/25%

of the total starting number of microbes (e.g., if the starting number of
microbes was 1000, the DNA that was finally mtroduced to the PCR chamber woudd be no more

than 40 microbes),
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160382

-

21 E. coli suspended in PBS

1003831 To help establish assay conditions, initial efforts focused on a known amount (or
mumber) of £ coff introduced into PBS. 500,000 organisms were introduced into PBS and DNA
isolated/puritied on the microflnidic device. A 1 ul, aliquot of the 25 ul isolated DNA template
was removed and subjected {o “bench top” PCR amplification, while another 1 pll aliquot of the
25 k. isolated DNA template was mixed with PCR master nux in 1:9 ratio and further amplified
on the microfhuidic device. In FIG. 32, comparison of the gel profile of the “bench top” PCR
sample (fane 3) with that obtained from fully integrated DNA 1solation/purification and PCR on
the same microfluidic device (lane 4) revealed indistingunishable results. Lanes 1 and 2 on the
same gel represent the negative (water) and positive (DNA from 1000 microbes based on UV
absorbance measurement) controls, respectively, Ropeat analysis of the same types of sample
vielded essentially reproducible results, indicating that the microfluidic device could be used to
reliably detect the microbes in gquestion and obtain PCR resalts that were virtuaily
distinguishable from “bench top™ PCR analysis.

H00384] By mtroducing oanly 10,000 microbes into the initial 20 ul. sample and then
processing exactly as described above through three separate microfluidic device devices,
essentiafly identical resalts were obtained.

[00383]  DNA isolation and purification on microfluidie device

003861 By performing several additional experiments stmitar to the above, the following
assay protocol was established:

[003871  Reagents were from the Qiagen DNEasy kit and Promaga PCR kit

Reagent Yolume (ul.) Comments

Sample 20 |

ATL 20 Cell tysis buffer

Proteinase K 3

AL 40 Si Membrane binding buffer
Ethanol 40 To assist in drving membrane
AW hit Wash bulfer |
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AW2 50 | Wash buffer 2
AE 30 DNA elution buffer

[003881  PCR Protocol
(003891 Initial 2 minute incubation at 95 °CL 25-35 eycles with each cycele being:
5-13 secat 95 °C.

20~-30 seconds at 60 °C.

20-25 seconds at 72 °C.
Final incubation for 3 minutes at 72 °C.
1003941 E. coli introduced into apple cider
[00391]  In a manner simifar to that reported for microbes introduced into PBS, various
concentrations of £, coli were introduced into commercially obtained apple cider and analyzed in
the microfluidic device system. Analysis of 500,000 microbes intraduced into apple cider (FIG.
30A) vielded results that were sssentially indistinguishable between “bench top” PCR analysis
{lape 3) and fully integrated microfluidic device analysis (lane 4). Lanes | and 2 represent the
negative and positive controls, respectively. The slight band that appears in the negative control
fane 1s likely due to cross contamination in the laboratory. Reducing the number of microbes
mntroduced into the apple cider to 100,000 again revealed good amplification of the target
sequences (FIG. 30B). Lanes -2 reveal the amplicons generated by a fully integrated
nicrofiuidic device run, while lanes 4-35 reveal the amplicons generated by a “bench top™ PCR
amplification of the same DNA. Lane 3 represents the negative control.
(003921 Finally, reducing the nwnber of microbes tnfrodoced into apple cider to 2500 (FIG.
31}, agam excellent correlation between “bench top” PCR apalysis (fanes 2-3) and fully
integrated microfinidic device analysis {lanes 4-5) were obtamed. Lane | represents the negative
control.
[003931  As noted above, due to the mamer in which the DNA s extracted, purified and
amplified on the microtluidic device {as well on bench {op system), the following {able
represents the number of microbes loaded to the microfluidic device and actually amplified in the

PCR chamber: (assaming a 100% recovery of DNA from the microfhuidic device purification
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area The following Table 1 sets forth the loading number of micrebes in the sample and in the
PCR chamber:
Table 1
Loading number of Loading number of
microbes in 20 gl genome equivalents in
sample PCR chamber

300,000 20,000

100,000 4,000

2,300 10

(003941 E. coli infroduced into apple juice

[R03951  In a similar manner, various concentrations of microbes were introduced into
commercially obtained apple pace. When 10,000 microbes were introditced into the apple joice
{FIG. 33), the resulis obianed from a fully integrated microfluidic device run (lanes 4-5) were
indistinguishable trom the results obtained by “bench top™ PCR analysis of DNA 1solated on the
sante microfluidic device. Lane 1 represents the negative control,

[00396]  Introducing only 1000 micvobes into the apple juice (FIG. 34) again reveals thal
amplicons resulting from the fully integrated microfluidic deviee {lancs 4-5) were
indistingnishable from the amplicons obtained by bench top PCR of DNA 1solated on the same
microfluidic deviee (lanes 2-3). As above, lane 1 represents the negative control. Finally,
comparing the amplicons obtained from two different microfhudic device runs (FIG. 33), the
fully integrated results (lanes 3 of each microfluidic device) were indistinguishable from the

results obtained by “bench top™ PCR amplification of DNA obtained from the same microfluidic

003971 As described above, due to the dilution of DNA as it 1s processed through the
microfluidic device, the amplicons that result from the isolation/purification and PCR
amplification that microbes initially introduced into the microfluidic device represent no more

than 1725 of the initial nput concentration. Therefore, when 10,000 microbes were mtroduced,

64



WO 2009/049268 PCT/US2008/079659

DNA from no more than 400 microbes was actually amplified. Similarly, when only 10600
microbes were introduced, DNA from no more than 40 microbes was actually amplified.

603981 E. coli introduced into milk

(00399]  When 1,000,000 £, coli was introduced in the milk and tested using the established
profocol deseribed above, the situation was more complex than apple juice or apple cider. For
skim milk, the protein interforence to the test was very Hmited and the anticipated result was
obtained (FIG. 36). However, when whole mulk was tested at a 121 volume ratio to the cell lysis
buffer, no DNA was isolated likely indicating that the fats present in the whole milk suppress the
isolation process.

(00400} The Whatman FTA filter that was developed for storage and transport of blood for
chinical diagnostic purposes was used during this particalar protocol. The most noticeable feature
of the Whatman FEA filter was that it comprises reagents sutficient for cell lysis and punification
ont the filter iiself. In this case, there was no need to store other reagents en the microfluidic
device except water. However, the Whatman FTA {ilter entails rather harsh conditions to process.
Both bench top and on the microfluidic device FTA elution for purification of DNA from £. cofi

el
]
L3

was tested and the results are summarized in Table 2 and in FIG. 37, All tests were performed

using 1 million £. coli loadings.

Table 2
Lane# 1 2 3 4 5 6 7
Test Neg, Pog, Pos, Neg, Pos, Pos, Cider/"
'l_-‘
apple apple apple mlk mulk milk 7/
e
juice jutce juice J/
¥

1004011 Conclusions
(004021 This stady demonstrated that the microfluidic device system can be used to detect £
coli in such food matrices as apple juice, apple cider and milk. These results clearly demonstrate

that all preparative and analytical functions can be performed on a single microfluidic device.

(604031 6.8 Example 8: Pressure Relief Deviee for a Closed Nuclele Acid
Amplification Reactor
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f00404]  This example describes a pressure relief device that can be used with a closed macleic
acid amphfication reactor in the nucleic acid amphification area of a microthadic device, e.g.,
with a PCR reactor. A pressure relief {cushioning} device can be installed inside a sealed
microfiuidic device, The pressure relief deviee s similar to a valve but with a conduit cut through
the diameter {see FIG. 38); fhaid can normally flow through the conduit above the diaphragm;
when the system pressure 1s increased, the fluid will push against the cushioning device
diaphragm that is preamatically controlled or left open to atmosphere depending on design and
systent pressure; the deflection of the diaphragm provides additional space for pressure reliel
meanwhile keeping the mass inside the closed system.

(00405} The pressure relief device can prevent sealed mindaturized reactors such as
microfluidic devices from experiencing breaking or leaking from significant temperature changes
during thermal cveling. The pressure resulting from bguid thermal expansion is extremely high
within g fixed volume. H the temperature is increased from 25°C 1o 95°C, the volume of water
will fncrease by 4%. n a conventional reactor design, the pressure might be released by the
deformation of reactor wall, compression of trapped gas, inletfoutlet conduil expansion, leakage,
ete.

1004061 With the cushioning device in line inside the system, when temperature 1s increased i
the area of reactor, the ligeid inside the reactor will expand and pressure will increase, deflecting
the cushioning diaphragm. As a result, the system prossure s released. When temperature s
decreased in the reactor, the liquid will contract, leading to the backflow of the thad and the
diaphragm deflection is reduced. In addition, the pressure cushioning design also facilitates the

use of valves to seal the system otherwise a high-pressure valve would be required.

(004071 6.9 Example % Prevention of PCR Reacter Deformation at Elevated
Temperatures

F004081  This example describes a rigid structure that, in certain embodiments, can be bonded
on top of a nueclere acid amplilication reactor, e.g., a PCR reactor, to prevent the reactor from
bowing ap as a result of thermal effects at elevated temperatures {see FIG. 39). The top of the
regetor can undergo “howing up” deformation at elevated temperatures, e.g., 93°C when asing

polystyrene as the microfluidic device material. When cooled down, the pressure inside the
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chamber can be negative due to the deformation andfor leaking loss of liguid, which leads to
bottom film bowing up and losing conformal contact with the heater. As a result, it could be
difficuit to achigve reproducible and high quality nucleic acid amplification, By using a rigid
structure above the reactor, such thermal expansion s directed away from the top of the reactor

and to the membrane that 1s pressing on the heater,

004081 6.10 Example 16: Method for Immobilizing Nucleic Acid Probes for
Reverse Dot Blot (RDB)

(004101 This example describes a method that can be used to immobilize nucleie acid probes
for Reverse Dot Blot (RDB} detection,

[00411] A Biodyne € membrane was prepared as follows. The filter was oot to size suitable
for soaking m a 10 cm petrd dish. The membrane was rinsed in 0.3 N HCH in the petrr dish. The
membrane was soaked in an aqueous solution of 10% N-Ethyl-N-(3-dimethylaminopropyl)
carboditmide hvdvochlovide (EDC) in water for 15 min (making EDC immediately before use)
using approximately 5 mi of EDC with agitation. The membrane was rinsed in sterile waler and
air~dried overnight.

004121 20 puM solutions of amino-terminated probes were generated as follows:

1omix 30 pl ot a 200 pM probe solution from a (0.5 M NaBicarbonate) stock solution

o)

. into 445 pl of 0.5M NaBicarbonate solution

Lad

. to which then add § @l food dye (vellow- For 1; red-(b) for a total volume of 300 i

4. dip a pin ito the prepared solation and dispense a drop from the pin onto the earlier prepared

Biodvne C membrane by contacting the pin to the Biodyne € membrane for 1 second, and repeat
for two cyeles,

(004131 Prepare another solution using the same protocol as above but using different probes,

When an array of probes are completed then;

(]

. Wash the Biodyne € membrane with the probe array for five seconds in 8.1 N NaOH.

. Then wash a second for 5 seconds in stertle water,

~~3

. Then dry for 35 seconds with convective heat drying.
. Alr dry completely

CRinse in 0.1 N NaOQH ~ 1 min

o

NG
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140, Rinse in stertle water

11, Aidr dry completely

[00414]  The present invention is not to be limited in scope by the specific embodiments
described herein. Indeed, various modifications of the mvention in addition o those described
herein will become apparent to those skilled in the art from the foregoing deseription, Such
maodifications are intended to fall within the scope of the appended claims.

0041571 All reforences cited herein are incorporated herein by reference in their entirety and
for all purposes o the same exient as 1f each tindividual publication, palent or patent application
was specifically and individually indicated to be incorporated by reference in its entirety for all
PUIpOses.

(004161 The citation of any publication 18 for its disclosure prior to the filing date and should
not be construed as an admission that the present invention is not entitled to antedate such

publication by virtue of prior invention.
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What is claimed i

1. A microfluidic device for analyzing a sample of interest comprising:
a) a mcrotluidic device body, wherein the microfluidic device body comprises;
1} a sample preparation area,
i1) a nucleic acid amplification area,
1) a nucleic acid analvsis area, and
v} a plurality of fluid channels interconnected in a network,
and wherein each of the sample preparation area, the nucleic acid amplification arca and
the nucleie acid analysis area are fhuidly interconnected to at keast one of the other two arcas by at

least one of the plurality of fhad channels in the network.

2. A microflaidic device for analyzing a sample of interest comprising:
a} a microfluidic device body, wherein the microfluidic device body comprises:
i) a sample preparation area,
1) a nucleic acid amplification area, and
1v) a plurality of fluid channels interconnected in a network,
and wherein each of the sample preparation area and the nucleic acid amplification ares
are ftuidly interconnected to the other arca by at least one of the plurality of Hid channels i the

network,

3. The microfluidic device of clazm 1 or 2 comprising a differential pressure source capable of
exerting a positive pressure or a negative pressure with respect to ambiont pressure on 8

selected area of the microfhuidic device body.

4. The microfluidic device of claim 1 or 2 comprising a differential pressure delivery system

operably connected to the differential pressure source and to the microfluidic device body.

5. The micrefluidic device of clamm 1 or 2 comprising at least one diaphragm disposed in at least
two of the plurality of tluid channels for transforming a pressure from the differential

pressure souree to a desired open or closed position.
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6. The nucroftuidic device of claim 1 or 2 wherein the sample preparation area comprises:

a sample intake reservoir;

e

gent; and

P

1 reservoir for a sample preparation rea
saraple purification media;
wherein the sample intake reservoir, the reservoir for the sample preparation reagent, and the

sample purification media are floidly inlerconnected.

7. The microfhuidic device of claim 6 comprising a sample purification media reservorr, wherein

the sample purification media s disposed in the sample purification media reservoir,

& The microtiuidic device of claim 7, wherein the sample purification media 1s disposed i the

hottont of the sample purification media reservorr,

9. The microfluidic device of claim 6 wherein the sample purification moedia is disposed in one

of the plurality of fluidic channels.

10. The microfluidic device of claim 1 or 2 wherein the nacleic acid amplification area
COMPrises:
a nucleic acid amplification reactor;
a nucleic actd amplification reagent reservoir; and
a nucleie acid amplification product reservoir;
wherein the nucleic acid amplification reactor, the mucleie acid amplification reagent

reservoir, and the noclete acid amplification product reservoir are fluidly interconnected.

1. The microfluidic device of claim 2 comprising a nucleic acid amplification products

extraction area.

12, The microfhudic device of claim 10, wherein the nucletc acid amplification products

extraction area comprises a nucleic acid extraction reservorr,
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13. The microfluidic device of claim 6 wherein the sample purification media is a silica

membrane.

14, The mucrofluidic device of claim | or 2, wherein the sample of interest 15 a {fluid material, a
gaseous material, a solid material substantially dissolved in a liquid material, an emulsion

material, a slarry material, or a fluid material with particles suspended therem.

15. The mucrofluidic device of claim 1 or 2, wherein the sample of interest comprises a biological

maferial,

16. The microfluidic device of claim 1 or 2, wherein the sample of interest comprises a

suspension of cells ina fluid.

poes
d

. The micrefluidic device of claim 1 or 2, wherein the microfluidic device body comprises a

plurality of layvers of weak solvent-bonded polystyrene.

18, The microfluidic device of claim 1 or 2 comprising a sample intake reservoir.
e’ 3

19, The micreflutdic device of claun 18 wherein the sample preparation area comprises a sample

mixing diaphragm fhadically connected to the sample intake reservoir.

20, The microfluidic device of claym 1 or 2, wherein the microfluidic device body comprises a

means for alr-drving the sample purification media.

21, The micrefluidic device of claim 1 or 2, wherein the sample preparation arca comprises a

waste reservoir,

22, The nucrofiuidic device of claim 1 or 2, wherein the sample preparation areg comprises an

clution reagent reservolr.

-}
o
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23. The microfluidic device of claim 6, wherein the sample preparation reagent comprises

magnetic beads,

24. The microfluidic device of claim 6, wherein the sample preparation reagent comprises a

lysing reagent.

[
T

. The microfluidic device of elaim | or 2, wherein the nucleic acid amplification reactor s a

thermal eycling reactor.

26. The microfluidic device of claim 25, wherein the bottom of the thermal cycling reactor is a

thin layer of polysiyrene.

27. The micrefluidic device of claim 25, wherein the bottom of the thermal cycling reactor is
heated during thermal cyveling by a healer that is not disposed on or i the microtluidic device

body.

28 The microfluidic device of claim 1 or 2, wherein the nucleic acid amplification is selected
from the group consisting of polymerase chain reaction (PCR), reverse~ranscriptase (RT-)
PCR, Rapid Amplification of cDNA Ends (RACE), rolling circle amplification, nuckic Acid
Sequence Based Amplification (NASBA}, Transcript Mediated Amplification {TMA), and

{.igase Chain Reaction.

29, The microfluidic device of claim 1, wherein the nucleic acid analysis area comprises an area
for detecting an inferaction between the nucleic acid of interest and g probe for the nucleic

acid of interest.

30. A method for detecting a nuclete acid of interest comprising the steps oft
obtaining a sample suspected of containing the nucleie acid of interest;
providing the microflwmdic device of claim 1

introducing the sample into the sample preparation area;

-}
v
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preparing the sample for nucleie acid amplification;

introducing the prepared sample info the nucleic acid amplification area;

performing a nucleic acid amplification reaction in the nucleic ackd amplification area to
amplify the nucleie acid of interest;

mtroducing the amplified nucleic acid of interest into the pucleic acid analysis area; and

detecting the amplified nucleic acid of interest.

31, A method for detecting a nucleie acid of nterest comprising the steps of:
obtaining a sample suspected of containing the nucleie actd of inlerest;
providing the microfluidic device of claim 2;
mtroducing the sample mnto the sample preparation arey;
preparing the sample for nuclete acid amplification;
introducing the prepared sarople into the nucleic acid amplification arca;
performing a nucleie acid amplification reaction i the nucleic acid amplification ares to
amplify the nucleic acid of interesi; and

detecting the amplified nucleic acid of interest.

32, The method of clatm 30 or 31, wherein the nucleic acid of interest 1s associated with a disease

or disorder of interest.

33, The method of clatm 30 or 31, wherein the detecting step comprises detecting an interaction

between the amphiied nucleie acid of fnterest and a probe for the nucleie acid of interest.

e
o

. The method of clann 30 or 31, whorein the detecting step comprises visaahizing color

intensity, fluorescence intensity, clectrical signal intensity or chemiluminescence intensity.

Lad
X

. The method of clatm 30 or 31, wherein the detecting step comprises generating an intensily

value corresponding to at least one molecule of interest nn the sample.

-3
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36. The method of claim 35, wherein the intensity value is selected from the group consisting of
color intensity value, fluorescence mtensity value and chemiluminescence intensity valuoe,

current or vo itage .

(]
g

. The method of claim 36, wherein generating the color intensity value comprises:
digitizing an image corresponding 1o the sample to generate a plorality of pixels;
providing a plorality of numenical values for respective ones of the plurality of pixels;
and

producing mumerical values to provide the color intensity value.

38, The method of claim 36, further comprising computing a threshold value and comparing the

color infensity value to the threshold value to detect the molecule of inferest,

39, The method of claim 38, further comprising storing at {east one of the color intensity value

and the threshold value in a database.

40, The method of claim 38 wherein the threshold value s computed using at least one negative

control sample.

41. A method for determining presence of or predisposition for a disease or disorder of interest in
a subject comprising:

a) obtaining a sample from the subject, wherein the sample is suspected ol containing a
nucleic acid assoctated with the discase or disorder of interest; and

b} detecting the nucleic soid associated with the disease or disorder of interest in the
sample, wherein the detecting comprises the steps of?

providing the microfluidic device of claim 1,

introducing the sample into the sample preparation area,

preparing the sample for nucleic acid amplification,

mtroducing the prepared sample info the nucleie scid smphification area,

performing a nucleic acid amplification reaction in the nucleic acid amplification area to
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amplify the nucleie acid of interest,

mtroducing the amplified nucleic acid of interest into the nucleie acid analysis area, and
detecting the amplified nuclete acid of interest;

wherein detecting the amplified nucleic acid of interest is associated with presence of or

predisposition for the disease or disorder of nterest.

42. A rocthod for determining presence of or predisposition for a disease or disorder of interest in
a subject comprising:

a) obtaining a sample from the sehject, wherein the sample is suspected of containing a
nucleic acid associated with the discase or disorder of interest; and

b} detecting the nucleic acid associated with the disease or disorder of interest in the
sample, wheremn the detecting comprises the steps ol

providing the microfluidic deviee of clann 2,

miroducing the sample into the sample preparation area.

preparing the sample for nucleie acid amplification,

introducing the prepared sample into the nucleic acid amphification area,

performing a nucleic acid amplification reaction in the nucleic acid amplification area to

amplity the nucleic acid of interest, and

detecting the amplified nucleie acid of mterest;

wherein detecting the amplified nucleic acid of interest is associated with presence of or

predisposition for the disease or disorder of interest.

43, The method of claim 41 or 42 wherein the detecting step comprises determining an amount
{or level) of the amplified nucleic acid of interest and wherein the method further comprises

comparing the amount (or lovel} with a preselected amount (or level) of the nucleie acid of

mnterest,

44. The method of clanm 43 wherein a difference between the amound (or level) with the
preselected amount {or level) is indicative of presence or predisposition for the disease or

disorder of interest.

-}
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