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5 [0001] This application claims priority to U.S. Provisional No. 60/578,106, filed June 7,

2004, which is incorporated by reference herein for all purposes.

BACKGROUND OF THE INVENTION
[0002] The present invention relates generally to microfluidic techniques. In particular, the
10  invention provides a method and system for imaging one or more entities in a chamber of a
microfluidic device (e.g., suspended in a volume of fluid). More particularly, the present
method and system for imaging uses indications from a fluorescence signal associated with
the one or more entities in the microfluidic device. Merely by way of example, the
techniques for microfluidic methods and systems are applied using fluorescent,
15  chemiluminescent, and bioluminescent readers coupled to the microfluidic device, but it

would be recognized that the invention has a much broader range of applicability.

[0003] Concerted efforts to develop and manufacture microfluidic systems to perform
various chemical and biochemical analyses and syntheses have occurred. Such systems have
been developed for preparative and analytical applications. A goal to make such micro-sized
20  devices arises from significant benefits achieved from miniaturization of conventional macro
scale analyses and syntheses, which are often cumbersome and less efficient. A substantial
reduction in time, lower costs, and more efficient space allocation are achieved as benefits
using these microfluidic systems. Additional benefits may include a reduction in human
operator involvement with automated systems using these microfluidic devices. Automated
25  systems also decrease operator errors and other operator type limitations. Microfluidic
devices have been proposed for use in a variety of applications, including, for instance,

capillary electrophoresis, gas chromatography and cell separations.

[0004] Microfluidic devices adapted to conduct nucleic acid amplification processes are
potentially useful in a wide variety of applications. For example, such devices could be used
30  to determine the presence or absence of a particular target nucleic acid in a sample, as an

analytical tool. Examples of utilizing microfluidic device as an analytical tool include:
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« conducting genotyping analyses and gene expression analyses (e.g., differential gene

expression studies).

10  [0005] Alternatively, the devices can be used in a preparative fashion to amplify nucleic
acids, producing an amplified product at sufficient levels needed for further analysis.
Examples of these analysis processes include sequencing of the amplified product, cell-
typing, DNA fingerprinting, and the like. Amplified products can also be used in various
genetic engineering applications. These genetic engineering applications include (but are not

15  limited to) the production of a desired protein product, accomplished by insertion of the
amplified product into a vector that is then used to transform cells into the desired protein

product.

[0006] Despite these potential applications, imaging systems (also referred to as readers)
adapted to collect and process imaging data, for example, fluorescence data, from such

20 midroﬂuidic devices have various shortcomings. Some conventional readers operate in a
scanning mode, in which a laser beam is raster scanned over the microfluidic device. In other
such systems, the device or both the laser and the device are translated. These scanners
collect fluorescence data from the reaction chambers present in the microfluidic device in a
sequential manner associated with the raster scanning of the laser source/device. Other

25  conventional scanners operate in a stitching mode, sequentially imaging small areas, for
example, areas less than 1 mm? in size, and stitching these small images together to form an

image of the microfluidic device under test.

[0007] Both scanning and stitching systems have shortcomings. For example, both types of
systems operate at a relatively low system frequency, which is proportional to the area
30 imaged as a function of time. Conventional systems operate at frequencies on the order of 1-

20 cm® per minute. For some interesting assays, such as protein calorimetry and nucleic acid
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5  system can limit the potential for utilizing certain assays , e.g., performance of real-time

PCR.

[0008] Therefore, there is a need in the art for improved methods and systems for imaging

one or more entities suspended in a volume of fluid in a chamber of a microfluidic device.

10 SUMMARY OF THE INVENTION
[0009] According to the present invention, techniques for microfluidic systems are
provided. In particular, the invention provides a method and system for imaging one or more
entities suspended in a volume of fluid in a chamber of a microfluidic device. More
particularly, the present method and system for imaging uses indications from a fluorescence

15  signal associated with the one or more entities in the microfluidic device. Merely by way of
example, the techniques for microfluidic methods and systems are applied using fluorescent,
chemiluminescent, and bioluminescent readers coupled to the microfluidic device, but it

would be recognized that the invention has a much broader range of applicability.

[0010] In a specific embodiment, the present invention provides an apparatus for imaging
20  one or more selected fluorescence indications from a microfluidic device. The apparatus
includes an imaging path coupled to least one chamber in at least one microfluidic device.
The imaging path provides for transmission of one or more fluorescent emission signals
derived from one or more samples in the at least one chamber of the at least one microfluidic
device. The chamber has a chamber size, the chamber size being characterized by an actual
25 spatia] dimension normal to the imaging path. The apparatus also includes an optical lens
system coupled to the imaging path. The optical lens system is adapted to transmit the one or

more fluorescent signals associated with the chamber.

[0011] In another specific embodiment, a method of imaging one or more selected

fluorescence indications from at least one chamber of a microfluidic device is provided. The
30  method includes transmitting one or more fluorescent emission signals derived from one or

more samples in the at least one chamber of at least one microfluidic device along an imaging

path coupled to the at least one chamber. The at least one chamber has a chamber size, the
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[0012] In yet another specific embodiment of the present invention, a system for imaging
one or more indications from one or more chambers of a microfluidic device is provided.
The system includes an optical path, the optical path being capable of transmitting one or
more images of a portion of a spatial region of a microfluidic device from the portion of the
10 spatial region of the microfluidic device. In an embodiment, the portion of the spatial region
of the microfluidic device is characterized by a first dimension. The system also includes a
first lens system coupled to a first portion of the optical path. The first lens system is
‘characterized by a first optical characteristic. The system further includes a second lens
system coupled to a second portion of the optical path. The second lens system is
15  characterized by a second optical characteristic. The system additionally includes a detector
device coupled to a third portion of the optical path. The detector device is operable to
capture the one or more images of the portion of the spatial region. Moreover, the detector is
adapted to capture the one or more images. The one or more images have a determined size

at the detector device of about the first dimension or less.

20 [0013] In an alternative embodiment, a method for imaging one or more indications from
one or more chambers of a microfluidic device. The method includes transmitting one or
more images of a portion of a spatial region of a microfluidic device from the portion of the
spatial region of the microfluidic device along an optical path. The portion of the spatial
region of the microfluidic device is characterized by a first dimension. The method also

25  includes coupling a first lens system to a first portion of the optical path. The first lens
system is characterized by a first optical characteristic. The method additionally includes
coupling a second lens system to a second portion of the optical path. The second lens
system is characterized by a second optical characteristic. Moreover, the method includes
capturing the one or more images of the portion of the spatial region using a detector device.

30  The detector device is coupled to a third portion of the optical path and the one or more

images have a determined size at the detector device of about the first dimension or less.
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[0015] In yet another alternative embodiment, an apparatus for imaging one or more
selected fluorescence indications from a microfluidic device is provided. The apparatus
includes an imaging path coupled to least one chamber in at least one microfluidic device.

10 The imaging path provides for transmission of one or more fluorescent emission signals
derived from one or more samples in the at least one chamber of the at least one microfluidic
device. The apparatus also includes an optical filter device coupled to a first spatial portion
of the imaging path provided for transmission of the one or more emission signals. The
optical filter device is adapted to transmit a selected spectral bandwidth from the one or more

15  fluorescent emission signals and is adapted to process one or more chromatic aberrations

associated with the one or more fluorescent emission signals to a determined level.

[0016] In a particular embodiment, a method of analyzing processes in elastomeric

microfluidic devices is provided. The method includes capturing an image of at least 96

chambers in a time period of less than one minute. In an embodiment, each of the chambers
20  in the at least 96 chambers is in fluidic isolation from any of the other chambers in the at least

96 chambers. The method also includes processing the image.

[0017] In another particular embodiment, an apparatus for imaging an microfluidic device
comprising a plurality of processing sites is provided. The plurality of processing sites
contain at least one sample selected from M samples and at least one reagent selected from N

25  reagents. The apparatus includes an illumination system coupled to the microfluidic device
and adapted to illuminate the microfluidic device with electromagnetic radiation. The
apparatus also includes an imaging system coupled to the microfluidic device and adapted to
receive electromagnetic radiation emitted from the plurality of processing sites. The

apparatus additionally includes a detector coupled to the imaging system.

30 [0018] In yet another particular embodiment, an optical imaging system is provided. The
optical imaging system includes a computer and an optical illumination system adapted to

illuminate an elastomeric microfluidic array device including at least 1,536 reaction chambers
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5 [0019} In yet another alternative particular embodiment, a method of imaging one or more
selected fluorescence indications from a plurality of chambers in a microfluidic device is
provided. The method includes transmitting one or more fluorescent emission signals along
an imaging path, the one or more fluorescent emission signals derived from one or more
samples in at least one of the plurality of chambers in the microfluidic device. The method

10  also includes selectively transmitting a subset of the one or more fluorescent emission signals
along the imaging path utilizing an optical filter device adapted to pass fluorescent emission
signals within a predetermined spectral bandwidth and adapted to process one or more
chromatic aberrations associated with the one or more fluorescent emission signals to a

determined level.

15 [0020] In a specific embodiment, the method further includes reading a portion of the
subset of the one or more fluorescent emission signals at a detector, capturing the one or
more fluorescent emission signals derived from the one or more samples in at least one of the
plurality of chambers in the microfluidic device, irradiating at least 96 chambers in the at
least one microfluidic device, wherein each of the chambers in a group of more than 48

20 chambers is in fluidic isolation from any of the other chambers in the group of more than 48
chambers, and maintaining the at least one microfluidic device at a predetermined
temperature at a determined time, wherein the predetermined temperature at the
predetermined time is a portion of a multi-step thermocycling profile. In another specific
embodiment, processing the one or more chromatic aberrations associated with the one or

25  more fluorescent emission signals includes reducing the one or more chromatic aberrations to
a predetermined level. The predetermined level is characterized by a predetermined shift in a
focal point associated with a first ray characterized by a first color and a second ray
characterized by a second color. In yet another specific embodiment, the optical filter device

includes a plurality of zero-power doublets and a plurality of spectral filters.

30 [0021] Inan embodiment according to the present invention, the use of an optical imaging
system to collect information related to an microfluidic device is provided. In a specific

embodiment, the use of the imaging system includes a microfluidic device comprising greater
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than 511 chambers. In an additional embodiment, the use of the imaging system includes a
microfluidic device comprising greater than or equal to 2,304 chambers. In another
additional embodiment, the use of the imaging system includes a microfluidic device

10  comprising greater than or equal to 9,216 chambers. In yet another additional embodiment,

the use of the imaging system includes a microfluidic device comprising greater than or equal

to 100,000 chambers.

[0022] According to another embodiment of the present invention, the use of an optical
imaging system to collect information related to an microfluidic device is provided. The use

15  ofthe optical system includes an elastomeric microfluidic device adapted to perform protein
crystallization processes in a particular embodiment. In another embodiment, the use of
imaging system includes an elastomeric microfluidic device that is adapted to perform
fluorescence processes. In yet another embodiment, the use of the imaging system includes
an elastomeric microfluidic device that is adapted to perform reactions at a selected

20  temperature or range of temperatures over time. In another specific embodiment, the optical
imaging system is used to collect information related to PCR reactions. In yet another
specific embodiment, the use of the imaging system includes a microfluidic device
comprising closed reaction chambers in microfluidic isolation. In other embodiments, the use

of the imaging system includes a thermal controller that is coupled to the microfluidic device.

25 [0023] In an alternative embodiment, the use of an optical imaging system to image a
microfluidic device is provided. In this alternative embodiment, the optical imaging system
has a plurality of doublets adapted to reduce a value of chromatic aberration to a
predetermined level. In an embodiment, the optical imaging system is characterized by an
NA greater than 0.23. In another embodiment, the optical imaging system has an NA greater

30 than or equal to 0.36. In yet another embodiment, the optical imaging system has an NA
greater than 0.2. In a specific embodiment, the optical imaging system comprises a first
spectral filter coupled to a first doublet and a second spectral filter coupled to a second

doublet. Moreover, in an additional embodiment, the first doublet reduces a value of
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[0024] In another embodiment of the present invention, the use of a fluorescence imaging
system to acquire a plurality of images, including one or more fluorescent emission signals,
from an microfluidic device is provided. The use of the fluorescence imaging system

10  includes a microfluidic device that has greater than 63 reaction chambers in fluidic isolation
from other reaction chambers. In an embodiment, the use of the fluorescence imaging system
includes a microfluidic device that has an elastomeric microfluidic device. In another
embodiment, the use of the fluorescence imaging system includes a plurality of reaction
chambers that are characterized by a volume of less than 10 nl. In yet another embodiment,

15 the use of the fluorescence imaging system includes an elastomeric microfluidic device that is
characterized by an array density greater than or equal to 100 reaction chambers per cm?. In
an alternative embodiment, the fluorescence imaging system includes an optical filter device,
the optical filter device being adapted to pass a selected spectral bandwidth from the one or
more fluorescent emission signals and being adapted to process one or more chromatic

20  aberrations associated with the one or more fluorescent emission signals to a determined

level.

[0025] In an embodiment of the present invention, an optical system for interrogating
samples in a microfluidic system is provided. In the optical system provided by this
embodiment, the detector consists of an array (e.g. a CCD) equal to or larger in dimensions

25  than the microfluidic system which is imaged onto it. In another embodiment, the detector is
optically coupled to the microfluidic device using at least one lens. In yet another
embodiment, the detector is not in conformal contact with the microfluidic device. In a
specific embodiment, the detector is in conformal contact with the microfluidic device. In
another specific embodiment, chromatic aberration correction systems as discussed

30 throughout the specification are utilized in the optical train.

[0026] In another embodiment, an optical system for interrogating a microfluidic device is

provided. The optical system has a magnification M > NA/NAge, where NA, is the
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microfluidic system is provided. The detector comprises an array (e.g. a CCD) equal to M
times the dimensions of the area of the microfluidic device containing reaction chambers. In
an embodiment, the area of the microfluidic device includes the sample chambers to be
interrogated. In this embodiment, M = NA/NAget +/- 10%, where NA, is the maximum NA

10 acceptable as determined by depth-of-focus considerations related to the acceptable crosstalk
between reaction chambers, their XY spacing and size, and their extent along the Z axis, and
NAgeq is such that < 40% of incident light is lost at the detector surface due to reflections,
vignetting, and the like. In a specific embodiment, the NA ¢ is such that < 30% of incident
light is lost at the detector surface due to reflections, vignetting, and the like. In another

15  specific embodiment, the NAg is such that < 20% of incident light is lost at the detector
surface due to reflections, vignetting, and the like. In yet another specific embodiment, the
NAge is such that < 10% of incident light is lost at the detector surface due to reflections,
vignetting, and the like. In an alternative embodiment, M is > 1. In another alternative

embodiment, M =1,

20  [0028] Numerous benefits are achieved using the present invention over conventional
techniques. Some embodiments provide optical imaging systems to generate and detect
fluorescence from a microfluidic device. Additionally, embodiments of the present invention
provide optical systems that reduce chromatic aberration through the use of zero-power

achromatic doublets coupled to spectral filters.

25 [0029] The capability of performing a number of applications on a single platform are
provided by embodiments of the present invention. For example genomics applications
including gene expression and genotyping are performed using embodiments of the present
invention. Moreover, Digital Isolation and Detection (DID) applications are made possible.
As an example, applications related to cancer detection as well as single cell macro molecule

30  detection and quantification are provided. Furthermore, proteomics applications including
protein-ligand binding and an immunoassay processes are provided through embodiments of

the present invention.
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the opti calud@tibd. Adi@xhhpis]tola€nplish this in 10 seconds, the residence time at each spot is
~ 1 microsecond. Accordingly, a linescan (3000 points) would be complete in 3 ms. To get
equivalent signal-to-noise to that achieved using embodiments of the present invention, the
light intensity should be ~10° times as bright in the spot as would be achieved by an imaging
10 system according to the present invention acquiring a signal over a period of 1 second. To
raster a spot across 3 cm in 3 ms, 1000 times per second, is often mechanically challenging.
In addition, collection of the emission signal with high efficiency is desired. This generally
requires either a large field optic or a high NA flying head (e.g., moving at >=10 m/s). In this
case, the data collected at the lower right hand corner of a device will be 10 seconds older
15  than the data collected in the upper left hand corner of the device, which is undesirable in

some applications.

[0032] Some stitching systems acquire multiple images and stitch them together to form a
composite image. In one system, in order to stitch together an image from multiple 3 mm x 3
mm images, 100 images are utilized. The total time used to acquire these individual images
20  would be 100 ms. Assuming that approximately half the time is spent moving and half the
time is spent acquiring an image, the image time will be ~50 ms. This system would
generally require a light intensity ~20 times as intense as utilized in embodiments of the
present invention acquiring a signal over a period of 1 second, and/or a higher-NA objective.
In addition, these systems generally need a fast stage — capable of moving 3 mm and coming
25  to a complete stop in 50 ms. Additionally, these systems generally require careful calibration
of both motion and light intensity to eliminate image artifacts from stitching. The data
collected at the lower right hand corner of the device will be 10 seconds older than the data

collected in the upper left hand comer, which is undesirable in some applications.

[0033] Some embodiments of the present invention provide imaging systems in which the
30 area of the microfluidic device is imaged all at once. In an embodiment in which 10 seconds
per image is available, several seconds of integration time are available. Synchronization

problems are reduced or eliminated as data is collected from all the pixels at the same time.
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systemis characterized by a first optical characteristic. The nethod
additionally includes coupling a second |lens systemto a second portion of
the optical path. The second lens systemis characterized by a second

opti cal chav@aub®riigdsi c. Moreover, the nethod includes eapwszbsiggotdoe one or
nore images of the portion of the spatial region using a detector device. 30
The detector device is coupled to a third portion of the optical path and
the one or nore images have a determ ned size at the detector device of
about the ddvicet(~ 81 memsgi3dmnoared)es snce add WiliR1&L sy 22B6 4iRETZHISAO 65d HRORS0

provi ded t t.hod ,i ncl udes captur.i an |mage of a spatial region
Ps0ci at ed i PRVISY: 1BAGIOTESS JEC B AL B Do A rORamaps B e BT i i o
devi ce USi jager®idn pFRAR HEhEEstan@ By thatl are le§oRiplekdnidigord pbiveiul fthan® of | ess
than one mnute. In a specific enbodinent, the capturing 5 of the inmage of
t he spati atonverdiond sysfemsbBerendinglupgn the smbpdigient 08¢ p1t aprierdd theseiliwatimanni ng
may be overcome by the present methods and systems according to embodiments of the
present invention. Further details of the present invention may be found throughout the
present specification and more particularly below. Depending upon the embodiment, one or

more of these benefits may exist. These and other benefits have been described throughout

10  the present specification and more particularly below.

[0034] Various additional objects, features and advantages of the present invention can be
more fully appreciated with reference to the detailed description and accompanying drawings

that follow.

15 BRIEF DESCRIPTION OF THE DRAWINGS
[0035] Figure 1A is a simplified schematic diagram illustrating an optical imaging system

according to an embodiment of the present invention;

[0036] Figure 1B depicts an overview of an exemplary imaging system according to an

alternative embodiment of the present invention;

20 [0037] Figure 1C is a simplified schematic diagram illustrating a thermal control device

according to a embodiment of the present invention;

[0038] Figures 2A-2C are simplified schematic diagrams illustrating a lens assembly

according to an embodiment of the present invention;

[0039] Figure 3 is a photograph of fluorescent emission centered at a first wavelength
25  produced by a reaction occurring in a number of reaction chambers present in a microfluidic

device according to an embodiment of the present invention;

[0040] TFigure 4 is a photograph of fluorescent emission centered at a second wavelength
produced by a reaction occurring in a number of reaction chambers present in a microfluidic

device according to an embodiment of the present invention;

11



process. 100151 In yet another alternative enbodi ment, an apparatus for

I mging one or nore selected fluorescence indications froma mcrofluidic
device is provided. The apparatus includes an imaging path coupled to | east
one chanbewo most2iB&ast one microfl uidic device. 10 Theptwmwgaogozoadoh
provides for transm ssion of one or nore fluorescent em ssion signals
derived fromone or nore sanples in the at | east one chanber of the at |east
one mcrofluidic device. The apparatus al so includes an optical filter

devi ce couphtediniant af the pedserst iaxteh@idbn; porti on  of the imagi ng path provided for
transm ssion of the one or nore em ssion signals. The optical filter device

i s adapt edipbsp)t rBpSEkKls & ﬁﬁhﬁ&iﬁ%ﬂ deReed mﬂhtrmg cuhitieninifoRnity 28 RRGiAMfNDre 15

fluorescent em ssion signals and is adapted to process one or nore chromatic
aber r at i orgpsitias posiuegdaising antembedingmeoighe mﬁ@tfﬂ\’eﬁﬁ@scent em ssion signals to
a determned level. [00161 In a particular enbodi nent, a nethod of

anal yzimng [0048)esEigares 9-1¢lapesénoqeenrédcenergy diagrams for several embodiments according to

the present invention;

[0044] Figure 12 is a diagram illustrating field curvature and distortion for an optical

system provided according to an embodiment of the present invention;

[0045] Figure 13 is a diagram illustrating double wavelength versus focus produced by

10 systems according to an embodiment of the present invention;

[0046] Figures 14-16 are spot diagrams for selected wavelengths produced using an

embodiment of the present invention;

[0047] Figures 17-19 are spot diagrams for selected wavelengths produced using an

embodiment of the present invention;

15 [0048] Figures 20-22 are spot diagrams for selected wavelengths produced using an

embodiment of the present invention;

[0049] Figures 20-22 are spot diagrams for selected wavelengths produced using an

embodiment of the present invention; and

[0050] Figures 26-28 are ensquared energy diagrams for several embodiments according to

20  the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0051] According to the present invention, techniques for microfluidic systems are

provided. In particular, the invention provides a method and system for imaging one or more
25  entities suspended in a volume of fluid in a chamber of a microfluidic device. More

particularly, the present method and system for imaging uses indications from a fluorescence

signal associated with the one or more entities in the microfluidic device. Merely by way of

example, the techniques for microfluidic methods and systems are applied using fluorescent,

chemiluminescent, and bioluminescent readers coupled to the microfluidic device, but it

30  would be recognized that the invention has a much broader range of applicability.
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m crofluidic devices is provided. The nethod includes capturing an inage of
at least 96 chanbers in a tine period of |less than one mnute. In an

enbodi nent, each of the chanbers 20 in the at |east 96 chanbers is in
fluidic i ss@bdosmiBesom any of the other chanbers in thepat/ukaast20286
chanbers. The nmet hod al so i ncludes processing the image. [00171 In another
particul ar enbodi nent, an apparatus for imaging an m crofluidic device
conprising a plurality of processing sites is provided. The plurality of

pr ocessi Nchemb&S in £aNdraéfluidididelicasin generals 4iFpd 'Gedbe cliddtbely” amalddegroqebsise and at
| east one reagent selected from N 25 reagents. The apparatus includes an

i || uni nat | B8S PYRCCEHEHAPPES a8/ Of FAchILsist 1any apebigeiancd thespdind dgdiksd t o

i 11 um nat elél-}elé'@cl{m:éﬁfrﬁé&i tl GosdViarBalYiciRe € bp&E BRGNS sdaflli Gt doRbinafies

appar at us so I ncludes an 1 nmaging Systemcoupled to the mecrofluidic device
and adé&pt ettlereaf, inchdiigwsy ¢dnamorary va st ang conddtioas inyalvend anyed thasosteteh@angther al ity

of P 0Ces SN 1L e e MiineARRRY AalihoUel &h8RAubibnd BlleRare A8Ss6R1GT coup! ed
isolated, capable of being isolated, and combinations thereof, and any combination or single
condition of any temporary or transient conditions involving any of these states, and the like.
Therefore, use of the term reaction chamber is not intended to limit the present invention, but
10  toinclude these other structures. Additionally, the term chamber is not intended to limit the
present invention, but should be used in its ordinary meaning, unless specific features

associated with the chamber have been recited. Of course, there can be other variations,

modifications, and alternatives.

[0053] Moreover, through the present application, references are made to fluorescent

15  indications from a microfluidic device. Included within the scope of the present invention are
not only fluorescent indications, but luminescent indications, including chemiluminescent,
electroluminescent, electrochemiluminescent, and phospholuminescent, bioluminescent, and
other luminescent processes, or any other processing involving any other type of indications
that may be detected using a detection device. As will be evident to one of skill in the art,

20  methods and systems operable in the detection and analysis of these fluorescent and
luminescent indications are transferable from one indication to another. Additionally,
although some embodiments of the present invention utilize spectral filters as optical
elements, this is not required by the present invention. Some fluorescent and luminescent
applications do not utilize spectral filters in the optical excitation path, the optical emission

25  path, or both. As described herein, other embodiments utilize spectral filters. One of skill in

the art will appreciate the differences associated with particular applications.

[0054] In some embodiments, a variety of devices and methods for conducting microfluidic
analyses are utilized herein, including devices that can be utilized to conduct thermal cycling
reactions such as nucleic acid amplification reactions. The devices differ from conventional

30  microfluidic devices in that they include elastomeric components; in some instances, much or
all of the device is composed of elastomeric material. For example, amplification reactions
can be linear amplifications, (amplifications with a single primer), as well as exponential

amplifications (i.e., amplifications conducted with a forward and reverse primer set).

13



30 [00181 In yet another particular enbodi ment, an optical imaging systemis
provi ded. The optical imaging systemincludes a conputer and an optical

illum nation systemadapted to illumnate an elastonmeric mcrofluidic array
devi ce i nclwding1adscd east 1,536 reaction chanbers 5 WO W shaokB8As0
PCT/ US2005/ 020250 formed froma plurality of |ayers. | east one | ayer of

the plurality of |ayers has at | east one recess forrred therein. The recess
has at | east one defl ectable nenbrane integral to the layer wth the

recess. ThgiOBhlie@Ehdn AR PUSES BPeAbROnk REAIHEaS A M HBEAtE;ﬁ'reéé%x?sCtIh Bfse
system 5 [0019] In yet another alternative artlculp nbodi nent, a net hod

of i magi ngdeyiass.che reagents thatlaectypigaliy d@m@dw&nﬁ thﬁdqmaon @tes afertbmeaemem ality
e
path, the el ditheollewinlglacs dpodrt: @Maalmmmr@aaiwledadesymdtaf foasbaffer, @sd nor e

cofactors, for example. The sample introduced into the reaction site in such cases is the

nucleic acid template. Alternatively, however, the template can be deposited and the

amplification reagents flowed into the reaction sites. As discussed in more detail throughout

the present specification, when a matrix device is utilized to conduct an amplification

10  reaction, samples containing nucleic acid template are flowed through the vertical flow

channels and the amplification reagents through the horizontal flow channels or vice versa.

[0056] PCR is perhaps the best known amplification technique. The devices utilized in
embodiments of the present invention are not limited to conducting PCR amplifications.
Other types of amplification reactions that can be conducted include, but are not limited to,

15 (i) ligase chain reaction (LCR) (see Wu and Wallace, Genomics 4:560 (1989) and Landegren
et al., Science 241:1077 (1988)); (ii) transcription amplification (see Kwoh et al., Proc. Natl.
Acad. Sci. USA 86:1173 (1989)); (ii1) self-sustained sequence replication (see Guatelli ef al.,
Proc. Nat. Acad. Sci. USA, 87:1874 (1990)); and (iv) nucleic acid based sequence
amplification (NASBA) (see, Sooknanan, R. and Malek, L., BioTechnology 13: 563-65

20 (1995)). Each of the foregoing references are incorporated herein by reference in their

entirety for all purposes.

[0057} Moreover, certain devices are designed to conduct thermal cycling reactions (e.g.,
PCR) with devices that include one or more elastomeric valves to regulate solution flow
through the device. Thus, methods for conducting amplification reactions with devices of

25  this design are also provided.

[0058] Amplification products (amplicons) can be detected and distinguished (Whether
isolated in a reaction chamber or at any subsequent time) using routine methods for detecting
nucleic acids. Amplicons comprising double-stranded DNA can be detected using
intercalation dyes such as SYBRTM, Pico Green (Molecular Probes, Inc., Eugene, OR),

30  ethidium bromide and the like (see Zhu et al., 1994, Anal. Chem. 66:1941-48) and/or gel
electrophoresis. More often, sequence-specific detection methods are used (i.e., amplicons

are detected based on their nucleotide sequence). Examples of detection methods include

14



sanples in at

devi ce.

one or

nore fluorescent em ssion signals

an optical wj JobS14lgvi ce adapted to pass fluorescent enmnpssusmos®ignal s
within a predetermned spectral bandw dth and adapted to process one or

chromatic aberrations associated with the one or

signals to a determned |evel. 15 [0020] Ina specific enbodi nent, the

met hod fur{,hacq fnefewgle&a&ﬁ@% BheP RPEdséRBe RbordallEe erttRSRins R FRETYNRQY nore
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nor e

nore fluorescent em ssion
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fluidic is
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10

15

20

30

orophore pair is detecte nor and acceptor fluorophore pair are selected such that
the emission spectrum of the donor overlaps the excitation spectrum of the acceptor. Thus,
when the pair of fluorophores are brought within sufficiently close proximity to one another,
energy transfer from the donor to the acceptor can occur and can be detected. A variety of
assays are known including, for example and not limitation, template extension reactions,
guantitative RT-PCR, Molecular Beacons, and Invader assays, these are described briefly
below.

[0059] FRET and template extension reactions utilize a primer labeled with one member of
a donor/acceptor pair and a nucleotide labeled with the other member of the donor/acceptor
pair. Prior to incorporation of the labeled nucleotide into the primer during an template-
dependent extension reaction, the donor and acceptor are spaced far enough apart that energy
transfer cannot occur. However, if the labeled nucleotide is incorporated into the primer and
the spacing is sufficiently close, then energy transfer occurs and can be detected. These
methods are particularly useful in conducting single base pair extension reactions in the
detection of single nucleotide polymorphisms and are described in U.S. Patent No. 5,945,283
and PCT Publication WO 97/22719. The reactions can optionally be thermocycled to

increase signal using the temperature control methods and apparatus described throughout the

present specification.

[0060] A variety of so-called "real time amplification” methods or "real time quantitative
PCR" methods can also be used to determine the quantity of a target nucleic acid present in a
sample by measuring the amount of amplification product formed during or after the
amplification process itself. Fluorogenic nuclease assays are one specific example of a real
time quantitation method which can be used successfully with the devices described herein.
This method of monitoring the formation of amplification product involves the continuous
measurement of PCR product accumulation using a dual-labeled fluorogenic oligonucleotide
probe -- an approach frequently referred to in the literature as the “TagMan” method. See,
for example, U.S. Pat. No. 5,723,591.
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chanbers, and maintaining the at | east one mcrofluidic device at a
predeterm ned tenperature at a determined tinme, wherein the predeterm ned
tenperature at the predetermined tinme is a portion of a nulti-step

t her nocycl img2@soniséde. | n anot her specific enbodi nent, pcoass®snm2iche one or
nmore chromatic aberrations associated with the one or 25 nore fl uorescent

em ssion signals includes reducing the one or nore chromatic aberrations to
a predeterm ned | evel. The predeterm ned |l evel is characterized by a

pr edet er m ewsblahéritary régien of the anplpfddnirodissieail&tie thevibinkatian foff & gétectalyle signal.

characterized by a first color and a second ray_ characterized.b sgcond
ot or 1 Fe PR S RV EeoBb RS ERROn 10 DAY B 0f pirerecien g

i ncl udes acRl Utdld dedtidd fREK BreREMRR of ek &eSha RfnaAlsRb WelrbBbifding BiRCinual
filters. 30 [0021] In an enbodi nent according to the present invention, the

use of &n @prPwalemenat tagne syaihenOne cabsacken isityriellvatiaehed tes pederndyean
m cr of | ul dérfd HE SthérFenld SelcR 13 8'5%9%13( %tlfhgﬁ%dstgg@lhéﬂc%er LTk, aleftGodie of the

i magi ng system I ncl udes m Cro ce cormprising greater
_sections can hybridize with each other to form a hairpin loop. In this conformation, the

reporter and quencher dye are in sufficiently close proximity that fluorescence from the
reporter dye is effectively quenched by the quencher dye. Hybridized probe, in contrast,

10 results in a linearized conformation in which the extent of quenching is decreased. Thus, by
monitoring emission changes for the two dyes, it is possible to indirectly monitor the
formation of amplification product. Probes of this type and methods of their use are
described further, for example, by Piatek et al., 1998, Nat. Biotechnol. 16:359-63; Tyagi, and
Kramer, 1996, Nat. Biotechnology 14:303-308; and Tyagi, et al., 1998, Nat. Biotechnol.

15 16:49-53 (1998).

[0062] The Scorpion detection method is described, for example, by Thelwell et al. 2000,
Nucleic Acids Research, 28:3752-3761 and Solinas et al., 2001, "Duplex Scorpion primers in
SNP analysis and FRET applications” Nucleic Acids Research 29:20. Scorpion primers are
fluorogenic PCR primers with a probe element attached at the 5'-end via a PCR stopper.

20  They are used in real-time amplicon-specific detection of PCR products in homogeneous
solution. Two different formats are possible, the ‘stem—loop’ format and the ‘duplex’ format.
In both cases the probing mechanism is intramolecular. The basic elements of Scorpions in
all formats are: (i) a PCR primer; (ii) a PCR stopper to prevent PCR read-through of the
probe element; (iii) a specific probe sequence; and (iv) a fluorescence detection system

25  containing at least one fluorophore and quencher. After PCR extension of the Scorpion
primer, the resultant amplicon contains a sequence that is complementary to the probe, which
is rendered single-stranded during the denaturation stage of each PCR cycle. On cooling, the
probe is free to bind to this complementary sequence, producing an increase in fluorescence,
as the quencher is no longer in the vicinity of the fluorophore. The PCR stopper prevents

30  undesirable read-through of the probe by Taqg DNA polymerase.

[0063] Invader assays (Third Wave Technologies, Madison, WI) are used particularly for
SNP genotyping and utilize an oligonucleotide, designated the signal probe, that is
complementary to the target nucleic acid (DNA or RNA) or polymorphism site. A second
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6 WO 2005/ 121864 PCT/ US2005/ 020250 m crofluidic device that has an

el astorneric mcrofluidic device. In an alternative enbodinent, the use of
the imagi ng systemincludes a mcrofluidic device conprising greater than
95 chanber syo boos/@aigdsher al ternative enbodi ment, the usepet/usivesHB@i Ng
systemincludes 5 a mcrofluidic device conprising greater than 383
chanbers. In yet another alternative enbodinent, the use of the imaging
systemincludes a mcrofluidic device conprising greater than 511 chanbers.

I'n an addighié onatleendeadiummbs contdies 48R160fidd Py bpBishy THEIheilel OLEdHas etes
m crof | ui di c device conpri si ngogreater than or equal to 2,304 chanbers. In

anot her adwith the kinding 8 o signsel probe o e largst nugheic F“Hﬁﬁ‘?%h%tﬁ%‘i 21504 Abhg gigaala
m cr ofl Ul dlefo ABith L3 GOI njéélle&ﬂie%ﬁanf z hORTy bR T QchAdfischanber s.

In yet an odi nent e i magl ng system
i ncl udess aewignized by h dinectute ¢pereficandpmicksiasey cgled diceCletanermymeq Gddavase

cleaves the 5' flap of the nucleotides. The released flap binds with a third probe bearing

FRET labels, thereby forming another duplex structure recognized by the Cleavase enzyme.
This time the Cleavase enzyme cleaves a fluorophore away from a quencher and produces a
fluorescent signal. For SNP genotyping, the signal probe will be designed to hybridize with

10 either the reference (wild type) allele or the variant (mutant) allele. Unlike PCR, there is a
linear amplification of signal with no amplification of the nucleic acid. Further details
sufficient to guide one of ordinary skill in the art are provided by, for example, Neri, B.P., et
al., Advances in Nucleic Acid and Protein Analysis 3826:117-125, 2000) and U.S. Patent No.
6,706,471.

15 [0064] A variety of multiplex amplification systems can be used in conjunction with the
present invention. In one type, several different targets can be detected simultaneously by
using multiple differently labeled probes each of which is designed to hybridize only to a
particular target. Since each probe has a different label, binding to each target to be detected
based on the fluorescence signals. By judicious choice of the different labels that are utilized,

20  analyses can be conducted in which the different labels are excited and/or detected at
different wavelengths in a single reaction. See, e.g., Fluorescence Spectroscopy (Pesce et al.,
Eds.) Marcel Dekker, New York, (1971); White et al., Fluorescence Analysis: A Practical
Approach, Marcel Dekker, New York, (1970); Berlman, Handbook of Fluorescence Spectra
of Aromatic Molecules, 2nd ed., Academic Press, New York, (1971); Griffiths, Colour and

25  Constitution of Organic Molecules, Academic Press, New York, (1976); Indicators (Bishop,
Ed.). Pergamon Press, Oxford, 19723; and Haugland, Handbook of Fluorescent Probes and

Research Chemicals, Molecular Probes, Eugene (1992).

[0065] Many diseases linked to genome modifications, either of the host organism or of
infectious organisms, are the consequence of a change in a small number of nucleotides,

30  frequently involving a change in a single nucleotide. Such single nucleotide changes are
referred to as single nucleotide polymorphisms or simply SNPs, and the site at which the SNP
occurs is typically referred to as a polymorphic site. The devices described herein can be

utilized to determine the identify of a nucleotide present at such polymorphic sites. As an
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to 100, 000 chanbers. 100221 According to another enbodi nent of the present
I nvention, the use of an optical 1imaging systemto collect information
related to an mcrofluidic device is provided. The use 15 of the optical

system i ”%HQ&%A?&P' astoneric mcrofluidic device adapicaisc@spgnioor m
protein crystallilzation processes in a particular enbodinent. In another
enbodi nent, the use of inmaging systemincludes an elastoneric mcrofluidic
device that is adapted to perform fluorescence processes. In yet another

erbodi ment. e ohisg@fairi6n bIRMNAG HFbATLARMILS un BkaBERSHARI] Gpies

m crofluidic device that 1s adapte p ormreactions at a selected 20
t enper at urod eanh geagjgeninsteoperriet efragsfernes altalae referenegityiph bomepote.iane

enbodi nrent, the,o icatlrei i magj hg S is used to | | ect, informatio
Felated t SoPRep QLT gency R AT RCTRE O & L iSoPoBhadiant v R et of
t he i magi nEe ﬁak‘ﬁhtemeler(c.é.yaie&ia@t-?p@ hefbiiedicy. Waiéh CenduCiEd p&ioRGiny MeeEis,
reaction chanbers in mcrofluidic isolation. In other enbodinents, the use
the methods of the invention can be utilized to interrogate a single variant site. However, as
described further below in the section on multiplexing, the methods can also be used to
determine the genotype of an individual in many different DNA loci, either on the same gene,

different genes or combinations thereof.

10  [0066] Devices to be utilized for conducting genotyping analyses are designed to utilize
reaction sites of appropriate size to ensure from a statistical standpoint that a copy of each of
the two alleles for a diploid subject are present in the reaction site at a workable DNA
concentrations. Otherwise, an analysis could yield results suggesting that a heterozygote is a
homozygote simply because a copy of the second allele is not present at the reaction site.

15 Table 1 below indicates the number of copies of the genome present in a 1 nl reaction volume
at various exemplary DNA concentrations that can be utilized with the devices described

herein.

Table 1: Number of genome copies present in a 1 nanoliter volume at the indicated DNA

concentration.
20

Volume (nanoliter) [DNA] (ug/uL) N
1 0.33 100
| 0.10 32
1 0.05 16
1 0.01 3
1 0.003 1

[0067] As a general matter, due to stochastic proportioning of the sample, the copy number
present before an amplification reaction is commenced determines the likely error in the
measurement. Genotyping analyses using certain devices are typically conducted with
samples having a DNA concentration of approximately 0.10 pg/pnl, although the current

25  inventors have run successful TagMan reactions at concentrations in which there is a single

genome per reaction site.

[0068] Genotyping analyses can be conducted using a variety of different approaches. In
these methods, it is generally sufficient to obtain a “yes” or “no” result, i.e., detection need

only be able to answer the question whether a given allele is present. Thus, analyses can be
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of the imaging systemincludes a thermal controller that is coupled to the
m crofluidic device. 25 100231 In an alternative enbodi nent, the use of an
optical imaging systemto inage a mcrofluidic device is provided. In this

al ternati veygniegigent, the optical inmaging system haSP@TRkH%Q%ﬂﬁ% of
doubl ets adapted to reduce a value of chromatic aberration to a

predeterm ned level. In an enbodi nent, the optical inaging systemis
characterized by an NA greater than 0.23. In another enbodi nent, the

optical i We : n I yet
anot hor e Eanr Y S DB C R N AERRE Hor Rl B R b Bl (4T
| n a specitlid weentzodicaeinilleld pracriplly etahe potsgornpdicssyts taenmclodgat | ses a first
spectral filter coupled to a first doublet and a second spectral filter

coupl ed t Qo@E9p e GRple B@l&mirq;x-terﬂ&%h§mpm), rehdlioAdlaredeé tcRiighe SEBIAGIIRENt , the
first doubl et reduces a val ue of WD 2005/ 121864 PCT/ US2005/ 020250
5 developed for conducting genotyping analyses. Although a number of SPBE assays have
been developed, the general approach is quite similar. Typically, these assays involve
hybridizing a primer that is complementary to a target nucleic acid such that the 3' end of the
primer is immediately 5' of the variant site or is adjacent thereto. Extension is conducted in
the presence of one or more labeled non-extendible nucleotides that are complementary to the
10  nucleotide(s) that occupy the variant site and a polymerase. The non-extendible nucleotide is
a nucleotide analog that prevents further extension by the polymerase once incorporated into
the primer. If the added non-extendible nucleotide(s) is(are) complementary to the nucleotide
at the variant site, then a labeled non-extendible nucleotide is incorporated onto the 3' end of
the primer to generate a labeled extension product. Hence, extended primers provide an
15 indication of which nucleotide is present at the variant site of a target nucleic acid. Such
methods and related methods are discussed, for example, in U.S. Patent Nos. 5,846,710;
6,004,744; 5,888,819; 5,856,092; and 5,710,028; and in WO 92/16657.

[0070] Genotyping analyses can also be conducted using quantitative PCR methods. In this
case, differentially labeled probes complementary to each of the allelic forms are included as
20  reagents, together with primers, nucleotides and polymerase. However, reactions can be
conducted with only a single probe, although this can create ambiguity as to whether lack of
signal is due to absence of a particular allele or simply a failed reaction. For the typical
biallelic case in which two alleles are possible for a polymorphic site, two differentially
labeled probes, each perfectly complementary to one of the alleles are usually included in the
25 reagent mixture, together with amplification primers, nucleotides and polymerase. Sample
containing the target DNA is introduced into the reaction site. If the allele to which a probe
is complementary is present in the target DNA, then amplification occurs, thereby resulting in
a detectable signal as described in the detection above. Based upon which of the differential
signal is obtained, the identity of the nucleotide at the polymorphic site can be determined. If
30  both signals are detected, then both alleles are present. Thermocycling during the reaction is

performed as described in the temperature control section supra.
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predeterm ned | evel and the second doubl et reduces a value of chromatic
aberration at a second wavel ength passed by the second spectral filter to a
second predetermned level. In sone enbodi nents, the first doublet and the
second douRlshysAkfeger 0- pover doublets. In 5 other enmbadimesbeiodbe first
spectral filter, the first doublet, the second spectral filter, and the
second doubl et are arranged as a filter wheel. [0024] |In another enbodi nent
of the present invention, the use of a fluorescence imaging systemto
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individual treated with one drug and cells from another untreated individual, between cells
exposed to a particular toxicant and cells not exposed, and so on. Genes whose expression
levels vary between the test and control cells can serve as markers and/or targets for therapy.

10 For example, if a certain group of genes is found to be up-regulated in diseased cells rather
than healthy cells, such genes can serve as markers of the disease and can potentially be
utilized as the basis for diagnostic tests. These genes could also be targets. A strategy for
treating the disease might include procedures that result in a reduction of expression of the

up-regulated genes.

15 [0072] The design of the microfluidic devices utilized in embodiments of the present
invention is helpful in facilitating a variety of gene expression analyses. Because the devices
contain a large number of reaction sites, a large number of genes and/or samples can be tested
at the same time. Using the blind flow channel devices, for instance, the expression levels of
hundreds or thousands of genes can be determined at the same time. The devices also

20 facilitate differential gene expression analyses. With the matrix design, for example, a
sample obtained from a healthy cell can be tested in one flow channel, with a sample from a
diseased cell run in an immediately adjacent channel. This feature enhances the ease of
detection and the accuracy of the results because the two samples are run on the same device

at the same time and under the same conditions.

25  [0073] A variety of matrix or array-based devices are also utilized according to embodiments
of the present invention. Certain of these devices include: (i) a first plurality of flow
channels formed in an elastomeric substrate, (ii) a second plurality of flow channels formed
in the elastomeric substrate that intersect the first plurality of flow channels to define an array
of reaction sites, (iii) a plurality of isolation valves disposed within the first and second

30  plurality of flow channels that can be actuated to isolate solution within each of the reaction
sites from solution at other reaction sites, and (iv) a plurality of guard channels overlaying

one or more of the flow channels and/or one or more of the reaction sites to prevent
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chanbers that are characterized by a volune of less than 10 nl. In yet

anot her enbodi nent, 15 the use of the fluorescence i nagi ng system i ncl udes
an elastonmeric mcrofluidic device that is characterized by an array
density gr &e@ 200541186 or equal to 100 reaction chanbers per/usy@Bs/odosso an
alternative enbodi ment, the fluorescence imagi ng systemincludes an opti cal
filter device, the optical filter device being adapted to pass a sel ected
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channels, which are flow channels having a dead end or isolated end such that solution can
only enter and exit the blind channel at one end (i.e., there is not a separate inlet and outlet for
the blind channel). These devices require only a single valve for each blind channel to isolate
a region of the blind channel to form an isolated reaction site. During manufacture of this
10  type of device, one or more reagents for conducting an analysis are deposited at the reaction
sites, thereby resulting in a significant reduction in the number of input and outputs.
Additionally, the blind channels are connected to an interconnected network of channels such
that all the reaction sites can be filled from a single, or limited number, of sample inputs.
Because of the reduction in complexity in inputs and outputs and the use of only a single
15  wvalve to isolate each reaction site, the space available for reaction sites is increased. Thus,
the features of these devices means that each device can include a large number of reaction
sites (e.g., up to tens of thousands) and can achieve high reaction site densities (e.g., over
1,000 —4,000 reaction sites/cm?). Individually and collectively, these features also directly
translate into a significant reduction in the size of these devices compared to traditional

20  microfluidic devices.

[0075] Other microfluidic devices that are disclosed herein utilize a matrix design. In
general, microfluidic devices of this type utilize a plurality of intersecting horizontal and
vertical flow channels to define an array of reaction sites at the points of intersection. Thus,
devices of this design also have an array or reaction sites; however, there is a larger number

25  of sample inputs and corresponding outputs to accommodate the larger number of samples
with this design. A valve system referred to as a switchable flow array architecture enables
solution be flowed selectively through just the horizontal or flow channels, thus allowing for
switchable isolation of various flow channels in the matrix. Hence, whereas the blind
channel devices are designed to conduct a large number of analyses under different

30  conditions with a limited number of samples, the matrix devices are constructed to analyze a
large number of samples under a limited number of conditions. Still other devices are

hybrids of these two general design types.
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optically coupled to the mcrofluidic device using at | east one lens. In yet
anot her enbodi nent, the detector is not in conformal contact with the
mcrofluidic device. In a specific enbodinent, the detector is in confornal
contact w o tdog1218ar of | ui di ¢ device. In anot her speci pogueihoshorsnt ,
chromatic aberration correction systens as di scussed 30 throughout the
specification are utilized in the optical train. [0026] In another

enbodi ment, an optical systemfor interrogating a mcrofluidic device is

provi ded. d&fgbapiniPGH pubyisitesn Was2084/089810f Ucaphtent dybFcaNdehhifdatNo.wbere NA, is
the 8 WD 2005/ 121864 PCT/ U52005/ 020250 | osses due to reflectign occurring
at the det&2Q8§muphthed aak's 20034018 Ee Fepepding sommanly asyigrgdmatent anphciRdir, t he

detector is a CChyand "Nﬁsiggis Tsiflg Bferofidid Patitiehing ABALL RN Tuhb g ek ector is
a CCD and0.235 NAdet 5 0-5
5 (attorney docket number 020174-012400), each of which is incorporated by reference in its

entirety for all purposes. Using massively partitioning devices, a sample can be partitioned
into a multitude of isolated reaction chambers, and reactions carried out simultaneously in

each chamber.

[0077] The microfluidic devices that are described herein are further characterized in part

10 by utilizing various components such as flow channels, control channels, valves and/or
pumps fabricated from elastomeric materials. In some instances, essentially the entire device
is made of elastomeric materials. Consequently, such devices differ significantly in form and
function from the majority of conventional microfluidic devices that are formed from plastics
or silicon-based materials. The number of reaction chambers provided varies according to

15 embodiments of the present invention.

[0078) The design of the devices enables them to be utilized in combination with a number
of different heating systems. Thus, the devices are useful in conducting diverse analyses that
require temperature control. Additionally, those microfluidic devices adapted for use in
heating applications can incorporate a further design feature to minimize evaporation of

20  sample from the reaction sites. Devices of this type in general include a number of guard
channels and/or reservoirs or chambers formed within the elastomeric device through which
water can be flowed to increase the water vapor pressure within the elastomeric material from
which the device is formed, thereby reducing evaporatior} of sample material from the

reaction sites.

25 [0079] In another embodiment, a temperature cycling device may be used to control the
temperature of the microfluidic devices. Preferably, the microfluidic device would be
adapted to make thermal contact with the microfluidic device. Where the microfluidic device
is supported by a substrate material, such as a glass slide or the bottom of a carrier plate, such
as a plastic carrier, a window may be formed in a region of the carrier or slide such that the

30  microfluidic device, preferably a device having an elastomeric block, may directly contact the
heating/cooling block of the temperature cycling device. In a preferred embodiment, the

heating/cooling block has grooves therein in communication with a vacuum source for
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5 [0027] In an additional enbodi nent, an optical systemfor interrogating
sanples in a mcrofluidic systemis provided. The detector conprises an
array (e.g. a CCD) equal to M times the dinensions of the area of the

m cr of | ui dwo teviagscont ai ni ng reacti on chanbers. | n apceobnoseRh, the
area of the mcrofluidic device includes the sanple chanbers to be
interrogated. In this enbodi ment, M = NAJ/NAdet +/- 10% where NA is the
maxi mum NA 10 acceptabl e as determ ned by depth-of-focus considerations
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speci fic enbodi nment,

devices useful for performmg large numbers of nucleic acid amplifications (e.g., polymerase

chain reaction (PCR)). Such reactions will be discussed at length herein as illustrative of the

utility of the devices, especially of their use in any reaction requiring temperature control.

10  However, it should be understood that the devices are not limited to these particular
applications. The devices can be utilized in a wide variety of other types of analyses or
reactions. Examples include analyses of protein-ligand interactions and interactions between

cells and various compounds. Further examples are provided throughout the present

specification.

15 [0081] The microfluidic devices disclosed herein are typically constructed at least in part
from elastomeric materials and constructed by single and multilayer soft lithography (MSL)
techniques and/or sacrificial-layer encapsulation methods (see, e.g., Unger et al. (2000)
Science 288:113-116, and PCT Publication WO 01/01025, both of which are incorporated by
reference herein in their entirety for all purposes). Utilizing such methods, microfluidic

20 devices can be desi gned in which solution flow through flow channels of the device is
controlled, at least in part, with one or more control channels that are separated from the flow
channel by an elastomeric membrane or segment. This membrane or segment can be
deflected into or retracted from the flow channel with which a control channel is associated
by applying an actuation force to the control channels. By controlling the degree to which

25  the membrane is deflected into or retracted out from the flow channel, solution flow can be
slowed or entirely blocked through the flow channel. Using combinations of control and
flow channels of this type, one can prepare a variety of different types of valves and pumps
for regulating solution flow as described in extensive detail in Unger et al. (2000) Science

288:113-116, and PCT Publication W0/02/43615 and WO 01/01025.

30 [0082] The devices provided herein incorporate such pumps and/or valves to isolate
selectively a reaction site at which reagents are allowed to react. Alternatively, devices

without pumps and/or valves are utilized that use pressure driven flow or polymerization
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NAdet is such that < 10%of incident light is lost at the detector surface
due to reflections, vignetting, and the like. In an alternative enbodi nent,
Mis > 1. In another alternative enbodinment, M= 1. 20 [00281 Nunerous

benefits amngo ankiayad usi ng the present |nvent|on over eepeRbhl I,
t echni ques. Some enbodi ments provide optical imging systens to generate and

detect fluorescence froma mcrofluidic device. Additionally, enbodinents
of the present invention provide optical systens that reduce chromatic

aber rat i oneidibRHER chilBe 163Re@ht #6100 RONBE: ofaﬁm&mworgwmlﬁﬁé d%@iupl ﬁ& to
spectral filters. 25 [00291 The capability of perform ng a number
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expressi on"and genotyping are perfornmed using enbodi ments o e present
I nvent ison.chMateeover, Digital Isolation and Detection (DI D) applications are
made possi bl e.

[0083] If the device is to be utilized in temperature control reactions (e.g., thermocycling

reactions), then, as described in greater detail infra, the elastomeric device is typically fixed

to a support (e.g., a glass slide). The resulting structure can then be placed on a temperature

control plate, for example, to control the temperature at the various reaction sites. In the case
10  of thermocycling reactions, the device can be placed on any of a number of thermocycling

plates.

[0084] Because the devices are made of elastomeric materials that are relatively optically
transparent, reactions can be readily monitored using a variety of different detection systems
at essentially any location on the microfluidic device. Most typically, however, detection

15  occurs at the reaction site itself (e.g., within a region that includes an intersection of flow
channels or at the blind end of a flow channel). The fact that the device is manufactured from
substantially transparent materials also means that certain detection systems can be utilized
with the current devices that are not usable with traditional silicon-based microfluidic
devices. Detection can be achieved using detectors that are incorporated into the device or

20  that are separate from the device but aligned with the region of the device to be detected.

[0085] Devices utilizing the matrix design generally have a plurality of vertical and
horizontal flow channels that intersect to form an array of junctions. Because a different
sample and reagent (or set of reagents) can be introduced into each of the flow channels, a
large number of samples can be tested against a relatively large number of reaction conditions
25  in a high throughput format. Thus, for example, if a different sample is introduced into each
of M different vertical flow channels and a different reagent (or set of reagents) is introduced
into each of N horizontal flow channels, then M x N different reactions can be conducted at
the same time. Typically, matrix devices include valves that allow for switchable isolation of
the vertical and horizontal flow channels. Said differently, the valves are positioned to allow
30  selective flow just through the vertical flow channels or just through the horizontal flow
channels. Because devices of this type allow flexibility with respect to the selection of the

type and number of samples, as well as the number and type of reagents, these devices are
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As an exanple, applications related to cancer detection as well as single
cell macro nolecule 30 detection and quantification are provided.

Furt hernore, proteom cs applications including protein-Iligand binding and
an innunoaﬁngrﬂgﬁ@psses are provided through enbodi memica/ushoosimespr esent

I nventi on. WO 2005/ 121864 PCT/ US2005/ 020250 benefits and/ or advant ages
may be achieved to overcone certain |imtations associated with other
techni ques. The foll owi ng has been determ ned based upon cal cul ati ons:
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5  of the microfluidic device to weave control lines and fluid lines through the device. For
example, by having a fluid line in each layer of a two layer elastomeric block, higher density
reaction cell arrangements are possible. As will be evident to one of skill in the art, multi-
layer devices allow fluid lines to cross over or under each other without being in fluid
communication. For example, in a particular design, a reagent fluid channel in a first layer is

10 connected to a reagent fluid channel in a second layer through a via, while the second layer
also has sample channels therein, the sample channels and the reagent channels terminating in
sample and reagent chambers, respectively. The sample and reagent chambers are in fluid
communication with each other through an interface channel that has an interface valve
associated therewith to control fluid communication between each of the chambers of a

15 reaction cell. In use, the interface is first closed, then reagent is introduced into the reagent
channel from the reagent inlet and sample is introduced into the sample channel through the
sample inlet. Containment valves are then closed to isolate each reaction cell from other
reaction cells. Once the reaction cells are isolated, the interface valve is opened to cause the
sample chamber and the reagent chamber to be in fluid communication with each other so

20  that a desired reaction may take place. One of ordinary skill in the art would recognize many

variations, modifications, and alternatives.

[0087] Accordingly, a particular design for a microfluidic device proVides for a
microfluidic device adapted to react M number of different samples with N number of
different reagents comprising: a plurality of reaction cells, each reaction cell comprising a
25  sample chamber and a reagent chamber, the sample chamber and the reagent chamber being
in fluid communication through an interface channel having an interface valve associated
therewith for controlling fluid communication between the sample chamber and the reagent
chamber; a plurality of sample inlets each in fluid communication with the sample chambers;
a plurality of reagent inlets each in fluid communication with the reagent chambers; wherein
30  one of the sample inlets or reagent inlets is in fluid communication with one of the sample
chambers or one of the reagent chambers, respectively, through a via. Certain embodiments
include having the reaction cells be formed within an elastomeric block formed from a

plurality of layers bonded together and the interface valve is a deflectable membrane; having

25



equi val ent signal -to-noise to that achieved using enbodi nents of the present
I nvention, the light intensity should be 106 tinmes as bright in the spot
as woul d be achieved by an i mgi ng 10 system according to the present

i nvention ap@lbiohiigea Signal over a period of 1 second. pd@usi@SbRised SpPot
across 3 cmin 3 ns, 1000 tinmes per second, is often nechanically

challenging. |In addition, collection of the em ssion signal with high
efficiency is desired. Thi s generally requires either a large field optic
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each other through a common containment control channel; having the containment common
control channel located along a line about normal to one of the sample channel or the reagent

channel.

10  [0088] The microfluidic devices utilized in embodiments of the present invention may be
further integrated into the carrier devices described in co-pending and commonly owned U.S.
Patent Application Number 60/557,715 by Unger filed on March 29, 2004, which is
incorporated herein for all purposes. The carrier of Unger provides on-board continuous fluid
pressure to maintain valve closure away from a source of fluid pressure, e.g., house air

15  pressure. Unger further provides for an automated system for charging and actuating the
valves of the present invention as described therein. An another preferred embodiment, the
automated system for charging accu1lnulators and actuating valves employs a device having a
platen that mates against one or more surfaces of the microfluidic device, wherein the platen
has at least two or more ports in fluid communication with a controlled vacuum or pressure

20  source, and may include mechanical portions for manipulating portions of the microfluidic

device, for example, but not limited to, check valves.

[0089] Another device utilized in embodiments of the present invention provides a carrier
used as a substrate for stabilizing an elastomeric block. Preferably the carrier has one or
more of the following features; a well or reservoir in fluid communication with the

25  elastomeric block through at least one channel formed in or with the carrier; an accumulator
in fluid communication with the elastomeric block through at least one channel formed in or
with the carrier; and, a fluid port in fluid communication with the elastomeric block, wherein
the fluid port is preferably accessible to an automated source of vacuum or pressure, such as
the automated system described above, wherein the automated source further comprises a

30  platen having a port that mates with the fluid port to form an isolated fluid connection
between the automated system for applying fluid pressure or vacuum to the elastomeric
block. In devices utilized in certain embodiments, the automated source can also make fluid

communication with one or more accumulators associated with the carrier for charging and
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20 woul d be 100 ns. Assumi ng that approximately half the time is spent

noving and half the tinme is spent acquiring an imge, the inage time wll

be -50 ns. This systemwould generally require a light intensity -20 times
as i nt ensewas2oui/idisgaed i n enbodi nents of the present ipyge0tioesnasqui ring a
signal over a period of 1 second, and/or a higher-NA objective. 1In

addition, these systens generally need a fast stage - capable of noving 3 nm
and coming 25 to a conplete stop in 50 ins. Additionally, these systens
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silicon, preferably silicon that is highly polished, such as the type of silicon available in the

semiconductor field as a polished wafer or a portion cut from the wafer, e.g., chip.

[0090] As described more fully below, embodiments of the present invention utilize a

10  thermal source, for example, but not limited to a PCR thermocycler, which may have been
modified from its original manufactured state. Generally the thermal source has a thermally
regulated portion that can mate with a portion of the carrier, preferably the thermal
conduction and distribution portion of the carrier, for providing thermal control to the
elastomeric block through the thermal conduction and distribution portion of the carrier. In a

15  preferred embodiment, thermal contact is improved by applying a source of vacuum to a one
or more channels formed within the thermally regulated portion of the thermal source,
wherein the channels are formed to contact a surface of the thermal conduction and
distribution portion of the carrier to apply suction to and maintain the position of the thermal
conduction and distribution portion of the carrier. In a preferred embodiment, the thermal

20  conduction and distribution portion of the carrier is not in physical contact with the remainder
of the carrier, but is associated with the remainder of the carrier and the elastomeric block by
affixing the thermal conduction and distribution portion to the elastomeric block only and
leaving a gap surrounding the edges of the thermal conduction and distribution portion to
reduce parasitic thermal effects caused by the carrier. It should be understood that in many

25  aspects of the invention described herein, the preferred elastomeric block could be replaced
with any of the known microfluidic devices in the art not described herein, for example
devices produced such as the GeneChip (R) by Affymetrix(R) of Santa Clara, California,
USA, or by Caliper of Mountain View, California, USA. U.S. patents issued to Soane, Parce,
Fodor, Wilding, Ekstrom, Quake, or Unger, describe microfluidic or mesoscale fluidic

30  devices that can be substituted for the elastomeric block of the present invention to take
advantage of the thermal advantages and improvements, e.g., suction positioning, reducing
parasitic thermal transfer to other regions of the fluidic device, which are described above in

the context of using an elastomeric block.
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probl ens are reduced or elimnated as data is collected fromall the pixels
at the sane tine. 10 WO 2005/121864 PCTI US2005/ 020250 device (-31 mm x 31lmm
area) at once and utilize lens systens with high NAs and a large field of
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5 - of operations. Moreover the systems and methods of embodiments of the present invention
enable multiple assays for multiple samples. For example, in a specific embodiment 96
samples and 96 assays are utilized to provide a total of 9,216 data points. In a particular

example, the 96 assays are components of a TagMan 5' Nuclease Assay.

[0092] Furthermore, embodiments of the present invention provide reduced reaction

10 volumes. In embodiments of the present invention, reaction volumes ranging from 10
picoliters to 100 nanoliters are utilized. In some embodiments, reaction volumes gl'eater than
100 nanoliters are utilized. Merely by way of example, in an embodiment, the methods and
systems of the present invention are utilized with reaction volumes of 10 picoliters, 50
picoliters, 100 picoliters, 250 picoliters, 500 picoliters, and 1 nanoliter. In alternative

15  embodiments, reaction volumes of 2 nanoliters, 5 nanoliters, 10 nanoliters, 20 nanoliters, 30

nanoliters, 40 nanoliters, 50 nanoliters, 75 nanoliters, and 100 nanoliters are utilized.

{0093] Depending on the geometry of the particular microfluidic device and the size of the
microfluidic device and the arrangement of the fluid communication paths and processing
site, embodiments of the present invention provide for a range of processing site (or reaction
20  chamber) densities. In some embodiments, the methods and systems of the present invention
are utilized with chamber densities rénging from about 100 chambers per cm® to about 1
million chambers per cm®. Merely by way of example, microfluidic devices with chamber
densities of 250, 1,000, 2,500, 10,000, 25,000, 100,000, and 250,000 chambers per cm” are
utilized according to embodiments of the present invention. In some embodiments, chamber
25  densities in excess of 1,000,000 chambers per cm? are utilized, although this is not required

by the present invention.

[0694]) Operating microfluidic devices with such small reaction volumes reduces reagent
usage as well as sample usage. Moreover, some embodiments of the present invention
provide methods and systems adapted to perform real-time detection, when used in

30  combination with real-time quantitative PCR. Utilizing these systems and methods, six
orders of linear dynamic range are provided for some applications as well as quantitative

resolution high enough to allow for the detection of sub-nanoMolar fluorophore
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[ 0034] Various additional objects, features and advantages of the present
I nvention can be nore fully appreciated with reference to the detailed
description and acconpanyi ng drawi ngs that follow 15 BRI EF DESCRI PTI ON OF

THE DRAW  Figure A is a sinplified schemati ¢cgl@aoddiorde ustrating
an opticahgﬁ%égﬁggkgysten1 according to an enbodi nent of the present

I nvention; [00361 Figure | B depicts an overview of an exenpl ary i nmagi ng
system according to an alternative enbodi mrent of the present invention; 20

[ 0037] FiQH&lééﬁé&ﬁmﬁaﬁﬁga¥%3%%gﬁﬁ%ﬁﬁﬁgﬁ%C diagramillustrating a thernal

control devi acco ng _ t of the present invention; [0038]
accor di ng DESAn SHBRE RrETSY DG BhdSisH e g By Brtices ivolve bovidings *° 5 Y
microfluidic device that comprises a flow channel formed within an elastomeric material; and
5  aplurality of blind flow channels in fluid communication with the flow channel, with an end
region of each blind flow channel defining a reaction site. At least one reagent is introduced
into each of the reaction sites, and then a reaction is detected at one or more of the reaction
sites. The method can optionally include heating the at Ieast one reagent within the reaction
site. Thus, for example, a method can involve introducing the components for a nucleic acid
10 amplification reaction and then thermocycling the components to form amplified product. As
more fully described below, an optical imaging system adapted to characterize reactions
occurring in certain microfluidic devices is provided according to embodiments of the present

invention.

[0096) As illustrated in figure 1A, optical imaging systems provided according to some

15  embodiments of the present invention include fluorescence imaging systems coupled to
thermal control modules. Such systems are adapted to collect data from microfluidic chips
with N.x M geometries. In some embodiments, N is equal to M. For example, embodiments
of the present invention utilize microfluidic devices with 48 x 48 reaction chambers, 96 x 96
reaction chambers, and other geometries. In a particular embodiment, 96 samples and 96

20  reagents are utilized in a microfluidic device with a 96 x 96 reaction chamber geometry. As
will be evident to one of skill in the art, the methods and systems provided according to

embodiments of the present invention enable one platform to perform multiple applications.

[0097] Figure 1A is a simplified schematic diagram illustrating an optical imaging system
according to an embodiment of the present invention. As illustrated in figure 1A, an optical
25  source 242 is provided according to embodiments of the present invention. As will be
described more fully below, in some embodiments of the present invention, light from optical
source 242 is utilized to induce fluorescence in a sample. In other embodiments,
chemiluminescence is utilized as a indicator. Depending on the embodiment, system
components will be added, removed, or used, as will be evident to one of skill in the art. In
30  various embodiments, optical sources including light emitting diodes (LEDs), lasers, arc
lamps, incandescent lamps, and the like are utilized. These sources may be polychromatic or

monochromatic. In a particular embodiment, the optical source is characterized by a first

29



[0039] Figure 3 is a photograph of fluorescent em ssion centered at a first
wavel ength 25 produced by a reaction occurring in a nunber of reaction
chanbers present in a mcrofluidic device according to an enbodi nent of the
present i nwemeioem18¢400401 Figure 4 is a photograph of flgotgaogmoz®m SSion
centered at a second wavel ength produced by a reaction occurring in a
nunber of reaction chanbers present in a mcrofluidic device according to
an enbodi ment of the present invention; 11 WO 2005/121864 PCT/ US2005/ 020250

embodi mentpréductip@phtd $alitidnvend ipettral fQgé BbnFibgtr M08k o Mdui Tdowm. nat i on
diagramillustrating relative UﬂlfO%ﬂ]tﬁ as a function of §05|t|on pr oduced

using an EYEEL YeHY Srexpmelept baapda Keren Arqlamnatvaiatie e St are
ensquar ed 15ORHMHAGHATE CRAL uBME 28 hn SIRANIRESs oAl entof the

5  present invention. As will be evident to one of skill in the art, other optical sources
characterized by larger or smaller spectral bandwidths are capable of being utilized in

alternative embodiments.

[0098] Excitation filter wheel 244 is illustrated in figure 1A. In some embodiments, for

example, those in which the optical source is polychromatic, the excitation filter wheel 244 is
10 utilized to spectrally filter the light emitted by the optical source 242. Of course, multiple

filters could also be used. As an example, in an embodiment, the excitation filter wheel

provides a number of spectral filters each adapted to pass a predetermined wavelength range

as appropriate for exciting specific fluorescence from a sample. As illustrated in figure 1A,

the excitation filter wheel 244 is coupled to computer 270, providing for computer control of
15  the filters. In a particular embodiment, the excitation filter wheel provides a number of

spectral filters:

Filter 1: A filter with a center wavelength of 485 nm and a spectral bandwidth of 20

Filter 2: A filter with a center wavelength of 530 nm and a spectral bandwidth of 20

20 nm; and

Filter 3: A filter with a center wavelength of 580 nm and a spectral bandwidth of 20

mm,

[0099] As will be evident to one of skill in the art, embodiments of the present invention
are not limited to these particular spectral filters, but will utilize spectral filters adapted for

25  fluorescence processes for particular samples. Moreover, although the previous discussion
related to the use of a filter wheel, this is not required by the present invention. In alternative
embodiments, spectral filters are provided in geometries other than a wheel. For example,
spectral filters that drop into a filter holder, electro-optic filters, filters placed into the optical
path by actuators, and the like are included according to embodiments of the present

30 invention. Moreover, in other embodiments, the optical source is a tunable laser adapted to
emit radiation at predetermined wavelengths suitable for excitation of fluorescence. One of

ordinary skill in the art would recognize many variations, modifications, and alternatives.
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the present invention; [0044] Figure 12 is a diagramillustrating field
curvature and distortion for an optical system provided according to an
enbodi ment of the present invention; [0045] Figure 13 is a diagram

i | lustrati mp deubkhissnwavel engt h versus focus produced bypciOs®ys6261%8
according to an enbodi nent of the present invention; [0046] Figures 14-16
are spot diagrans for sel ected wavel engths produced using an enbodi nent of
the present invention; [0047] Figures 17-19 are spot diagrans for selected

wavel engt hgbpaiat&ed thishra@nBiiver@idhOThe®itattdn shbifers G5eatd k6L BnONGS al 5
[ 0048] Figures 20-22 are spot diagranms_ for sel ected wavel engt hs produced

using an cempwgl Ahin seme epbodimennte blask@atsithhopticolugal gingiatekbytbe ontical e spot
di agrams {01 SSALGIEHMRYCRRRLMS th QUHARH & R¥edB44. Depending on the
5  application, the excitation source is blocked while samples are inserted and removed from the
system as well as for calibration operations. In some embodiments, the excitation shutter is
not utilized, for example, in embodiments utilizing laser sources, which provide alternative

means to extinguish the optical source.

[0101] When the excitation shutter is operated in an open position, the optical excitation

10  signal passes through a fiber bundle 248 and is directed so as to impinge on a microfluidic
device 205 provided in chip carrier to a seven. Other embodiments of the present invention
utilize quartz light guides, liquid light guides, other scrambling systems, and the like to
increase illumination homogeneity. As illustrated in figure 1A, the excitation optical signal is
directed, through reflection by optical illuminator 250, refraction, or combinations thereof, to

15  impinge on a surface of the microfluidic device 205. As illustrated in figure 1A, illumination
of the microfluidic device is via optical illuminator 250. In other embodiments illumination
maybe coupled to the microfluidic device obliquely from one or more sides of device, via a
ring light, or via a portion of the collection optical train (the optical path between the

microfluidic device and the detector 260.

20 [0102] Insome embodiments, the illumination of the microfluidic device with light
produced by the excitation source is provided over a two-dimensional area of the sample. In
these embodiments, a large field of view is provided, which enables the performance of
fluorescence applications that involve imaging of time resolved chemical processes and
reactions. As an example, fluorescent imaging of protein calorimetry and nucleic acid

25 ampiliﬁcation processes are time resolved processes that benefit from embodiments of the
present invention. In some of these processes, simultaneously excitation of the fluorescent
samples provided in a number of reaction chambers and simultaneous collection of the
fluorescent signals produced by the reactions occurring in the number of reaction chambers is
desirable. In other processes, for instance, fluorescence lifetime imaging, a brief excitation

30 pulseis followed by detection (and analysis) of the fluorescent signal as it decays in time
from an initial level. One of ordinary skill in the art would recognize many variations,

modifications, and alternatives.
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enbodi ment of the present invention; and [0050] Figures 26-28 are ensquared
energy diagrans for several enbodinents according to 20 the present

i nvention. DETAILED DESCRI PTI ON OF SPECI FI C EMBODI MENTS [0051] According to
t he presentwo moosmiigeun, techni ques for mcrofluidic syst ?@?/[@E(Ea/oﬁﬁ%v' ded. In
particular, the invention provides a nethod and system | magi ng one or
nore 25 entities suspended in a volune of fluid in a chanber of a

m crofluidic device. More particularly, the present nethod and system for

i magi ng UpRG, kil kB HNA B efaw%9§ﬁgdigaeot§de%er@%§&%aéle&hdeﬂ th the one
or nore entltles In the mcro idi’c device. Merely by way of exanple, the

t echni quetiphosphatee(ddlIRg), dlr@acﬁtetl h@ﬁ@, anddnagpstiens Qaceasnppbleddhersaetpn is
M1 uor e5CeRhecd i 0BT, ORP S8 Moy RQLNELOBRSEN A RAFRLD, GPHALER, Lo Lhe

m cr of | ui IéﬁdEVICE recogni ze nvention has a
much bs oatgiperaiigefopbarginglainoabs lof tine. This series of temperature and time adjustments is

referred to as one cycle of amplification. Each cycle theoretically doubles the amount of
targeted sequence (amplicon) in the reaction. Ten cycles theoretically multiply the amplicon
by a factor of about one thousand; 20 cycles, by a factor of more than a million in a matter of
hours. In some applications, it is desirable to acquire fluorescent imaging data from a large

10 area (e.g., on the order of several cm?) in a time period ranging from seconds to minutes.

[0104] In some embodiments of the present invention, the methods and systems provided
by embodiments of the present invention facilitate image capture processes that are
performed in a predetermined time period. Merely by way of example, in an embodiment of
the present invention a method of imaging microfluidic devices is provided. The method

15  includes capturing an image of a spatial region associated with at least a determined number
of chambers of a microfluidic device using an image detection spatial region during a time
frame of less than one minute, whereupon the capturing of the image of the spatial region is

substantially free from a stitching and/or scanning process.

[0105] Embodiments of the present invention provide a variety of time frames for image
20  capture, ranging from 1 millisecond to 1 minute. In some embodiments, time frames for
image capture are greater than one minute. Depending on the emission properties associated
with the processes performed in the chambers of the microfluidic device, the time frame for
image capture will vary. For example, in an embodiment, the time frame is 10 ms, 50 ms,
100 ms, 250 ms, 500 ms, 750 ms, or 1 second. In other embodiments, the time frame is 2
25  seconds, 5 seconds, 10 seconds, 15 seconds, 20 seconds, 30 seconds, 40 seconds, 50 seconds,

or 1 minute. Of course, the time frame will depend on the particular applications.

[0106] In some embodiments, the image capture process is performed in a synchronous
manner, capturing an image of a determined number of chambers simultaneously. As an
example, in an exemplary PCR process, the microfluidic device is maintained at a

30 temperature of 92 °C for a time period of 15 seconds. Subsequently, the microfluidic device
is maintained at a temperature of 60 °C for 60 seconds. The heating and cooling cycle is

repeated at a one minute cycle period for a number of cycles. Utilizing embodiments of the
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12 WO 2005/ 121864 PCT/ US2005/ 020250 chanbers in a mcrofluidic device. In
general, these "reaction chanbers"” include processing sites, processing
chanbers, and/or reaction sites, any conbination of these, and the |ike.

These chantwas soosregisdae cl osed, partially closed, open, paggiudldo¥oRRen,

seal ed, or conbinations 5 thereof, including any tenporary or transient
conditions involving any of these states, and the |Ilike. In sone

enbodi ments, the chanbers are seal ed, capable of being seal ed, cl oseabl e,

i sol ated, d%ﬁ@@glle%ccﬂflreg‘%ym:dn%gil?t\%he tﬁ@@haﬁ%@aﬁl@ﬁlha&ﬁnéma%eff@mand any
conblnatlon or single condition of any tenporary or transient conditions

i nvol vi ng temBerae as hbwetien eftnesitioanHont ¢rempleketwo-Jiensipral émagesef apfentifée t er n

et SRR D PKSRAOH SO LSRRI AR OBy, 20

i ncl ude these o stru
I nt ended tdevice mrﬁauhtbﬁed pirtes entperanve of 6®TC. (bmﬁ ofskidLindhéo&t wikghpretidtd theor di nary
meani ng, %ple S se%pégi f eat ur.es
enefits provi y the present invention over raster scanning or stitching systems, in which
images of chambers in a first portion (e.g., an upper left quadrant) of the microfluidic device
are acquired prior to images of chambers in a second portion (e.g., a lower right quadrant) of

the microfluidic device.

10 [0107] In other embodiments, multiple images are acquired of the determined number of
chambers during a time frame of less than one minute. As an example of these embodiments,
multiple images associated with multiple fluorophores are acquired in a particular
embodiment. During the 60 second time period during which the microfluidic device is
maintained at the temperature of 60 °C, three consecutive images utilizing exposures of 20

15  seconds may be acquired for three different fluorophores, for example, Rox™, Vic®, and
Fam™, Of course, depending on the application, the exposure times may be shorter, even as
short as a second or less. Utilizing these multiple images, differential fluorescence ratios can
be calculated and analyzed. Of course, depending on the strength of the fluorescent
emissions, the exposure times for the various fluorophores may be modified as appropriate

20  the particular application. In this way, embodiments of the present invention provide for
imaging of a microfluidic device in multiple spectral bands while the microfluidic device is
maintained a constant temperature. The constant temperature, as illustrated by the previous

example, may be a portion of a PCR process including cyclical temperature processes.

[0108) Embodiments of the present invention provide methods and systems are also

25  adapted to perform and analyze chemiluminescence processes. In some of these processes,
reactions occur on a first time scale and an image of the chemiluminescence process is
acquired on a second time scale. In a particular process, the second time scale is less than the
first time scale. Thus, embodiments of the present invention are adapted to capture
synchronous images of chemiluminescence processes when the samples in the reaction

30  chambers of interest have been reacting for an equal amount of time. In some of these
processes, temperature control, including temperature cycling of the samples is provided,
whereas in other embodiments, the reaction chambers are maintained at a constant

temperature.
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associ ated with the chanber have been recited. O course, there can be other
variations, nodifications, and alternatives. [0053] Moreover, through the
present application, references are nade to fluorescent 15 indications from
a m crof | uwb mosiexgae. | ncluded within the scope of thepgrgsRRnsR¥ENti ON
are not only fluorescent indications, but |lum nescent indications,

I ncl udi ng chem | um nescent, el ectrolum nescent, electrochem | um nescent,
and phosphol um nescent, bi ol uni nescent, and other |um nescent processes, or

any ot her cpitRfRs U0G pr@M@éd/dda&dﬁig}fo %B@dlmwt@@fﬂlfe PrRShtGRAIcnaS Alabedy be
detected using a detection device. As will be evident to one of skill in the

art, 20 rrétffré@% ORIHPS §f ¥a1¥iRg sepfisticalien 4rp ayaileblgdercopiroling tmREFAPp ST t hese
fluoresce L. [ f b
1 TGS CRAbAbiRL Bl 8P Ge Bhifre HEARS T BLRPGsE Q!
i ndi cati oﬁé te% ar%i E k gﬁél}t f|1olna dI% pﬁﬁe oustﬁl sone enbosg'lsrr(r{sfr?l%él of °t he
present i mreritinperatutd domn*ellapembmbrdaﬂlytte referds amlptmceaﬂ elereteniEntay reghiae i s not
required tt)a%/ml;[err]aetur% o?ﬁleenegltlrler}}lll%pc}d cp c de%?crg%ruu ?J ae I%: 0n ofatrﬂg Il’lléJI'O cC egltce
(e.g., within a particular temperature region or at one or more junctions in a matrix of

channels of a microfluidic device).

[0110} Figure 1C is a simplified schematic diagram illustrating a thermal control device

10 according to a embodiment of the present invention. As illustrated in figure 1C, microfluidic
device 205 includes sample array 206. As will be evident to one of skill in the art, although
the sample array 206 is illustrated in one dimension, three dimensional sample arrays are
provided according to embodiments of the present invention. As an example, in some
microfluidic devices utilized in embodiments of the present invention, an array of reaction

15  chambers and fluid communication channels extend into the plane of the figure. The
elements of the microfluidic device, including the reaction chambers are characterized by a
depth in a third dimension. The microfluidic device 205 is supported by carrier 207, which,
in turn, is supported by carrier supports 208. The microfluidic device or chip bottom layer
209, which in some embodiments is compliant, is coupled to the carrier 207 as well as the

20  Integrated Heat Spreader (IHS) 241. Thermal platen 243 is illustrated in figure 1C and
described more fully below. In some embodiments, a hard contact between the microfluidic
device and the IHS/platen is provided. Moreover, as described in more detail below, vacuum
techniques are utilized in some embodiments to position and hold the microfluidic device

with respect to the carrier.

25 [0111] Generally, the devices are placed on a thermal cycling plate to thermal cycle the
device. A variety of such plates are readily available from commercial sources, including for
example the ThermoHybaid Px2 (Franklin, MA), MJ Research PTC-200 (South San
Francisco, CA), Eppendorf Part# E5331 (Westbury, NY), Techne Part# 205330 (Princeton,
NI).

30 [0112] Insome embodiments, the microfluidic device is contacted with a thermal control
device such that the thermal control device is in thermal communication with the thermal

control source so that a temperature of the reaction in at least one of the reaction chamber is
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applications do not utilize spectral filters in the optical excitation path,
the optical em ssion 25 path, or both. As described herein, other

enbodi ments utilize spectral filters. One of skill in the art wll

appr eci at ewdmosiifid@ar ences associ ated with particul ar apet/iy§abdeose [ 0054]
In sone enbodi nents, a variety of devices and nmethods for conducting
mcrofluidic analyses are utilized herein, including devices that can be
utilized to conduct thermal cycling reactions such as nucleic acid

anpl i fi Cakhﬁgdlﬁﬁﬁﬁtﬂhgﬂﬁ:maih&n%l\’&&/ﬁ%n@i v ofip nfsé PRGSO AB&H as3ficon,
m crofluidic devices in that they i nclude e astoneric corrponents I'n some

i nst'ances mangempose a wilectyfe mdteriaeni/oemay coopyressedetdf el ast oneric materi al .
For exanple, anplification reactions can be linear anplifications,

(anplificgeieps T%&Hknﬁalsdoﬂ@élﬁepfcé FRK be addptateb lapls adRe REME ittdrmal transfer
anpl |f|cat|ons (1. nplifications conducted with a forward and reverse
pri mer Ssetdpvicaty ws b Sisaa tmeal ooy osspune) BeGEsmal control source. The force may

comprise a mechanical pressure, a magnetic force, an electrostatic force, or a vacuum force in
different embodiments. For example, in one embodiment, the force comprises a vacuum
force applied towards the thermal transfer device through channels formed in a surface of the
thermal control device or the thermal transfer device. A level of vacuum achieved between

10 the surface of the thermal control device and a surface (or a portion of a surface) of the
thermal transfer device may be detected. Such detection may be performed with a vacuum
level detector located at a position along the channel or channels distal from a location of a
source of vacuum. When the vacuum does not exceed a preset level, an alert may be

manifested or a realignment protocol may be engaged.

15 [0114] The array device may be contacted with the thermal control device by employment
of one or more mechanical or electromechanical positioning devices. Carrying out of the
method may be automatically controlled and monitored. For example, such automatic control
and monitoring may be performed with an automatic control system in operable
communication with a robotie control system for introducing and removing the array device

20  from the thermal control device. The progress of the reactions may also be monitored.

[0115] A unit may be provided comprising the thermal control device. A system may be
provided comprising the array device and the thermal control device. To ensure the accuracy
of thermal cycling steps, in certain devices it is useful to incorporate sensors detecting
temperature at various regions of the device. One structure for detecting temperature is a

25  thermocouple. Such a thermocouple could be created as thin film wires pattemed on the
underlying substrate material, or as wires incorporated directly into the microfabricated

elastomer material itself.

[0116] Temperature can also be sensed through a change in electrical resistance. For

example, change in resistance of a thermistor fabricated on an underlying semiconductor
30  substrate utilizing conventional techniques can be calibrated to a given temperature change.

Alternatively, a thermistor could be inserted directly into the microfabricated elastomer

material. Still another approach to detection of temperature by resistance is described in Wu
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utilize blind channel type devices in performng nucleic acid anplification
reactions. In these devices, the reagents that are typically deposited
within the reaction sites are those reagents necessary to performthe

desired typ® 0bs/amghi fication reaction. Usually this neg@guiiedosR85e 5 or
all of the followng are deposited: priners, polynerase, nucleotides, netal
lons, buffer, and cofactors, for exanple. The sanple introduced into the
reaction site in such cases is the nucleic acid tenplate. Aternatively,

hovever, 52 15embat &ntats Recrlenasbieds B kitiofee MR EhGLEALpheageNt 5

fl owed |nto the reaction sites. di scussed in nore detail thrfoughout the
present s |deﬁl§nb¢8dh¢ werof dw@lrpCéYSdWDn structiered todothscontrpl dndednsederaparaiurst Fan

! 11 Gabloniah LA Sy SATRLER SOOI AEL L GrARL A LEIBLAL By €

flowed th hevertrea anne F5on reagents

t hrough t e pfwlstl?/ Qoiitedllell Ibg\oheslhanm;ahrai atioumit @fEHo‘p@ﬂitSﬂhereb{/ Gﬁtﬁﬁim@@&foﬁnmé haps
the best known anplification technique. The devices utilized in enbodinents
of the pré’gg‘ﬁtsel}sﬂ’(/@ﬁﬁlgb’ﬁnépﬂw%?n limted to conducting PCR anplifications.

[0117] Thermo-chromatic materials are another type of structure available to detect
temperature on regions of an amplification device. Specifically, certain materials
dramatically and reproducibly change color as they pass through different temperatures.

10 Such a material could be added to the solution as they pass through different temperatures.
Thermo-chromatic materials could be formed on the underlying substrate or incorporated
within the elastomer material. Alternatively, thermo-chromatic materials could be added to

the sample solution in the form of particles.

[0118] Another approach to detecting temperature is through the use of an infrared camera.
15  Aninfrared camera in conjunction with a microscope could be utilized to determine the

temperature profile of the entire amplification structure. Permeability of the elastomer

material to radiation of appropriate wavelengths (e.g. thermal, infrared, and the like) would

facilitate this analysis.

[0119] Yet another approach to temperature detection is through the use of pyroelectric
20  sensors. Specifically, some crystalline materials, particularly those materials also exhibiting
piezoelectric behavior, exhibit the pyroelectric effect. This effect describes the phenomena
by which the polarization of the material’s crystal lattice, and hence the voltage across the
material, is highly dependent upon temperature. Such materials could be incorporated onto
the substrate or elastomer and utilized to detect temperature. Other electrical phenomena,
25  such as capacitance and inductance, can be exploited to detect temperature in accordance
with embodiments of the present invention. One of ordinary skill in the art would recognize

many variations, modifications, and alternatives.

[0120] Imaging system 200 operates, in one embodiment, in the following manner. First,

microfluidic device 205 is securely placed on carrier 207. Based on a fixed feature of the
30  microfluidic device 205, for example, an edge of the base support of microfluidic device,

computer 270 then causes and x,y drive (not shown) to move the carrier 207 to align the

microfluidic device in a first x,y position. In some embodiments, one or more fiducial
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O her types of anplification reactions that can be conducted include, but
are not limted to, 15 (i) ligase chain reaction (LCR) (see Wi and Wl | ace,
Genonai cs 4:560 (1989) and Landegren et al., Science 241:1077 (1988)); (ii)
transcri pt moneaspdisdsi cati on (see Kwoh et at, Proc. Natl pergSagsogsd. USA
86:1173 (1989)); (iii) self-sustained sequence replication (see Cuatelli et
at, Proc. Nat. Acad. Sci. USA, 87:1874 (1990)); and (iv) nucleic acid based
sequence anplification (NASBA) (see, Sooknanan, R and Ml ek, L.,

Bi oTechnok@eddimést; a 28 obfe spferh #R82gisterFafeprediselddsrdi LA nR or HREELARRESS are
I ncorporated herein by reference in their ‘entirety for all purposes. [0057]

Mor eover , maggstvaihthelandaingssysiea. db sthghembadimenin dhie processivpdriasiped i ng reacti ons
(e.g., P B M : i I.¢..val ves to
Feaai at e Oy B R e O e AR ot g
anpl i f p cakyminetrie XX fidursal wbieht ahdvreroedng iny n-dyhinsetidesingonante. B ssmepr ovi ded.
embodiments, features of the fiducials, such as edges and comers are utilized during
alignment processes. One of ordinary skill in the art would recognize many variations,

modifications, and alternatives.

[0121] Under the control of computer 270, either adjustments of the carrier 207 to position
10 it in the focal plane of the optical elements 210 and 212 or adjustments of the optical
elements 210 and 212 to position the focal plane of the optical elements 210 and 212 to the
carrier 207 are performed. In preferred embodiments, the field of view can embrace an entire
microfluidic device, including the number of reaction chambers present on the microfluidic

device.

15 [0122] A fluorescent, chemiluminescent, or optical signal emitted by the chemical
processes occurring in the reaction chambers of the microfluidic device is collected by a first
lens system 210. In some embodiments of the present invention, the first lens system is a
multi-element optical train including one or more lenses and one or more apertures. As
illustrated in figure 2A, first lens system 210 includes single lens elements as well as

20  doublets, and the like. The optical properties of the first lens system 210 including focal
length, f/#, and the like are selected to provide desired optical performance. One of ordinary
skill in the art would recognize many variations, modifications, and alternatives. An
emission shutter 215 is illustrated in figure 1A to provide for blocking of light rays
propagating more than a predetermined distance from the optical axis, although this is not

25  required by the present invention.

[0123]) Referring once again to figure 1A, an optical filter device 213 is provided as part of
the optical assembly. In some embodiments, the optical filter device is a filter wheel 213
comprising a number of optical elements adapted for passing and optically processing
fluorescent or chemiluminescent emissions produced by fluorescently or chemiluminescently

30 labeled reagents. As an example, in an embodiment, a first section of the emission filter
wheel is adapted to pass fluorescent emissions produced by a first fluorescent dye, for

example, Cy™3 Fluor, available from Amersham Biosciences, part of GE Healthcare of
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[ 0058] Amplification products (anplicons) can be detected and di stingui shed
(whether isolated in a reaction chanber or at any subsequent tine) using
routi ne methods for detecting nucleic acids. Anplicons conprising

doubl e- st napdad 118y can be detected using intercal ati ecTdpe®s/819ei9 as
SYBRTM Pico G een (Ml ecul ar Probes, Inc., Eugene, OR), 30 ethidiumbromde
and the |like (see Zhu et al., 1994, Anal. Chem 66:1941-48) and/or gel

el ectrophoresis. Mire often, sequence-specific detection nmethods are used
(i.e., anphissRASprodicRd B9haeisad rRofetnOdyd R lekaripi6] b ot @RYANGRDIe Exanpl es
of detection rret%ods i nclude 14 WO 2005/121864 PCT/ US2005/ 020250 | abel ed
nol ecul ar TeBABAsham Binspiencess Of spwsg disaise peibeysdheoeesems dysp is petfequited by FRET)
-based d ' . - ],‘p@ﬁ@ t [ ' K hod for
det ecti on%aegb(cf%sr% @lrhr]lv;éﬁ? %)ﬁ)’nfs?loarlr@%gE odi nenﬁ%rg%ft\ q%ﬁ%%?é’%%ﬂﬁ%@ht@%ﬁ%%n FRET-
based &ass&yspoatiohafiGerlsbad fCAmaresiiléred e As an example, in another embodiment, a first

section of the emission filter wheel is adapted to pass fluorescent emissions produced by a
third fluorescent dye, for example, Alexa Fluor 350, available from Invitrogen Corporation.
A second section of the emission filter wheel is adapted to pass fluorescent emissions
produced by a fourth fluorescent dye, for example, Alexa Fluor 488, also available from

10 Invitrogen Corporation. Additional details related to the emission filter wheel will be

provided below.

[0124] 1In some embodiments, the optical filter device 213 and the emission shutter 215 are
located between the first lens system and the second lens system. In some of these
embodiments, light rays passing through the optical filter device propagate at small angles

15  with respect to the optic axis. As will be evident to one of skill in the art, spectral filters (e.g.,
interference filters) placed in regions with small incident ray angle are simpler to design and
can potentially provide narrower total spectral bandwidth, through such narrow spectral
bandwidth characteristics and/or filter positioning are required by the present invention. As
illustrated in figure 1A, both the optical filter device and the emission shutter are coupled to

20 computer 270, providing for computer control of these elements. Moreover as will be evident
to one of skill in the art, multiple, and possibly multiple identical filters, may be provided in
the optical path to increase the blockage of excitation wavelengths. In some embodiments
these filters are angled with respect to the optic axis so that light rays reflected off of the
filters walk out of the optical path.

25  [0125] In other embodiments, certain intercalation dyes that have dramatic fluorescent
enhancement upon binding to double-stranded DNA, and/or show strong chemical affinity for
double-stranded DNA, can be used to detect double-stranded amplified DNA. Examples of
suitable dyes include, but are not limited to, SYBR™ and Pico Green (from Molecular
Probes, Inc. of Eugene, OR), ethidium bromide, propidium iodide, chromomycin, acridine

30  orange, Hoechst 33258, Toto-1, Yoyo-1, and DAPI (4°,6-diamidino-2-phenylindole
hydrochloride). Additional discussion regarding the use of intercalation dyes is provided by
Zhu et al., Anal. Chem. 66:1941-1948 (1994), which is incorporated by reference in its

entirety.
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5 froma donor (reporter) and/or acceptor (quencher) fluorophore in a
donor/acceptor fluorophore pair is detected. The donor and acceptor

fl uorophore pair are selected such that the em ssion spectrum of the donor
over | aps tlw® swoidigui on spectrum of the acceptor. Thus, pciSoddigrspai r of

fl uorophores are brought within sufficiently close proximty to one anot her,
energy transfer fromthe donor to the acceptor can occur and can be
detected. A variety of 10 assays are known including, for exanple and not

limtatio 1 alg : ' ; ' W . ecul ar
Beacons, gge nvader nt}é&%@@, &? ﬁ%%gl?%drggrﬁ?e?ggiﬂgg% %%&eefﬁg%gg}f ow.lQ%j]OSQ] FRET
and t enpl ahattee 21 Bisdbaned batheisernad lkns kysten antp midetectol 26k | mdnwhnibbdioreat, tienber  of
a donor/acgceptor pai.. and a nucl eoti.de | abel ith the other nber of the
donor | acodeaer s e merm Ay s £ BptsBRAeR on it reted IBeicgd Thbct eot i de
into the paktivhlar dbddiBe®Nart STAY RicCtot APFBHBMHC] ¢ et P thd BREIuRle déii&, donor
and acceptor are spaced far enough apart that energy )

is utilized. Preferably, the pixel size of the detector array 260 is selected to provide an area

smaller than the area of the reaction chambers in the microfluidic device, thereby providing

multiple detector pixels per reaction chamber. In a particular embodiment, the detector 260 is

a CCD array with approximately 15 pm x 15 pm pixels.

10 [0127} A number of different detection strategies can be utilized with the microfluidic
devices that are provided herein. Selection of the appropriate system is informed in part on
the type of event and/or agent being detected. The detectors can be designed to detect a
number of different signal types including, but not limited to, signals from radioisotopes,
fluorophores, chromophores, clectron dense particles, magnetic particles, spin labels,

15  molecules that emit chemiluminescence, electrochemically active molecules, enzymes,

cofactors, enzymes linked to nucleic acid probes and enzyme substrates.

[0128] Illustrative detection methodologies suitable for use with the present microfluidic
devices include, but are not limited to, light scattering, multichannel fluorescence detection,
UV and visible wavelength absorption, luminescence, differential reflectivity, and confocal
20  laser scanning, Additional detection methods that can be used in certain application include
scintillation proximity assay techniques, radiochemical detection, fluorescence polarization
anisotropy, fluorescence lifetime, fluorescence correlation spectroscopy (FCS), time-resolved
energy transfer (TRET), fluorescence resonance energy transfer (FRET) and variations such
as bioluminescence resonance energy transfer (BRET). Additional detection options include

25  electrical resistance, resistivity, impedance, and voltage sensing.

[0129] In some embodiments, detection occurs at a "detection section," or "detection

region." These terms and other related terms refer to the portion of the microfluidic device at

which detection occurs. In some microfluidic devices, the detection section is generally the

reaction chambers present in the microfluidic device. The detection section for other devices
30  may be within regions of flow channels that are adjacent an intersection, the intersection

itself, or a region that encompasses the intersection and a surrounding region.
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transfer cannot occur. However, if the | abel ed nucl eotide is incorporated
into the priner and the spacing is sufficiently close, then energy transfer
occurs and can be detected. These nethods are particularly useful in

conduct i ngmsi'opgl ?8613ase pai r extension reactions in thep@flustobsanbison of
si ngl e nucleoti de pol ynor phi sns and are described in U S. Patent No.
5,945,283 and PCT Publication WO 97/22719. The reactions can optionally be
t hernocycled to increase signal using the tenperature control nethods and
appar at us ] : e e L ficat | ] Avariety
of so-calFggégpggﬁqg%ggﬁgggﬁ%%#% fkgﬁg’ﬁgﬁﬁgﬁgﬁg?tmﬁgh18??%%9%ggntitative
25 PCR' metrhindationanf the $orepang) yduch aoplertte toriletect i lsigngliassriciated with aparticget

nucl ei ¢ aci d, present .i sanpl e, b asur.i ng t.he, anount . of l,i fication
product f SrbadileRy OftaeEyinabiuete fRetiadis af puitel el et dgfipled in the
Fl uor ogenidetedtivalsedivg baonayt more opficl 8getdrki Theymival detahtoraaf @Rlude bhé'er
quantitation nmethod which can be used succ ssfuLI¥ with the devices
descri bed MWES Rhotpdiodes (e.g., avalanche photodiodes), a fiber-optic light guide leading, for

example, to a photomultiplier tube or tubes, a microscope, and/or a video camera (e.g., a

CCD camera).

[0131] Detectors can be microfabricated within the microfluidic device, or can be a

10  separate element. If the detector exists as a separate element and the microfluidic device
includes a plurality of detection sections, detection can occur within a single detection section
at any given moment. As a specific illustrative example, the microfluidic device can be
attached to a translatable stage and scanned under a microscope objective. A signal so
acquired is then routed to a processor for signal interpretation and processing. Arrays of

15  photomultiplier tubes can also be utilized. Additionally, optical systems that have the
capability of collecting signals from all the different detection sections simultaneously while

determining the signal from each section can be utilized.

[0132] External detectors are usable because the devices that are provided are completely
or largely manufactured of materials that are optically transparent at the wavelength being
20 monitored. This feature enables the devices described herein to utilize a number of optical

detection systems that are not possible with conventional silicon-based microfluidic devices.

[0133] A particular embodiment of the present invention utilizes a detector in the form of a
CCD camera and an optical path that provides for a large field of view and a high numerical
aperture to maximize the amount of light collected from each reaction chamber, thereby

25  increasing detection sensitivity. In this embodiment, the CCD is used as an array of
photodetectors wherein each pixel or group of pixels corresponds to a reaction chamber
rather than being used to produce an image of the array. Thus, the optics may be designed or
altered such that image quality is reduced or the image is blurred at the detector in order to
increase the useable depth of field of the optical system to collect more light from each

30  reaction chamber. Particularly because the assays contemplated in some embodiments of the
present invention include biological assays using fluorescent dyes, which dyes photobleach

due to exposure to excitation light hence limiting the total number of signal photons

40



This method of nonitoring the formation of anplification product involves
the conti nuous 30 neasurenent of PCR product accumul ation using a
dual - | abel ed fl uorogeni c oligonucl eotide probe -- an approach frequently
referred twonovhesshi t erature as the "TagMan" net hod. Seepushevoexanpl e,

U S Pat. No. 5,723,591. 15 WD 2005/121864 PCT/ U52005/ 020250 conpl enentary
region of the anplified product results in the formati on of a detectable
signal. The probe itself includes two sections: one section at the 5 end

and the otfigdrta86&HhiifrualentshBchBas th@WthcusbOle SBefRie ebAgeritt oAb Keldtb EresBfdet On Of
t he probe that anneals to the probe binding site and 5 are conpl enentary to

one anot hepd inmge h@n@%@?@l@ﬁeﬁ@ek@élt@dl SWVe@tm%ﬁ'@thlean anepriicekwsiepe  and
the tvo eAfee EREEHRNA Sl B B B e B R Do,
In this comfidehtvaxiglomnys) im%eneral arbitrarily high object (sample) 31de NA is not achievable

simultaneously with arbitrary system magnification. In fact, a larger system magnification

can allow a higher object-side NA without requiring a simultaneous (and potentially

deleterious for reasons described above) rise in image-side NA. Consequently, in the system

described, a large CCD (e.g., 30.7 mm x 30.7 mm) focal-plane array has been used to allow

10  fora 1:1 optical system (i.e., a system magnification of 1). This allows a collection NA of
0.36 simultaneous with an image-side NA of 0.36 onto the CCD, which provides reasonable

performance with respect to surface reflection losses .

[0134] In some embodiments, larger object-side NAs result in reduced object-side depth-
of-focus, and hence larger blurring at the detector (assuming blur due to depth of focus

15  greater than or equal to blur due to lens aberrations and other issues) for a given depth of
reaction chamber in the sample, limiting the allowable minimum spacing between reaction
chambers at the sample if low crosstalk in signal between chambers is to be achieved. In
conjunction with a 1:1 optical system, this object-side NA consideration is in good keeping
with the ~ 0.5 NA maximum generally desirable NA onto a CCD (or silicon detector) if one

20  isto avoid reflection losses at the surface thereof. The 1:1 imaging lens system is
furthermore inherently free of most odd-order aberrations, increasing the advantage of this
particular magnification (M = 1). The use of a 1:1 optical system with a detector as large or
larger than the microfluidic system to be imaged is thus provided by some embodiments of

the present invention as a design for the detailed system.

25 [0135] Inother embodiments, there may be a cost constraint related to the size of the
detector (e.g. a CCD focal-plane array). For example, some current high quantum-efficiency,
full-frame CCD arrays have dimensions of 27.6 mm x 27.6 mm. This detector is slightly
smaller than a microfluidic device with dimensions of 30.7 mm x 30.7 mm, resulting in a
system magnification of 0.88 as a design for the system described. Being near system

30  magnification M = 1, constraints related to the detector (image-side) incident NA described

above are satisfied for such a magnification.
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reporter and quencher dye are in sufficiently close proximty that
fluorescence fromthe reporter dye is effectively quenched by the quencher
dye. Hybridi zed probe, in contrast, 10 results in a linearized confornmation
i n which twe mosierds4 of quenching i s decreased. Thus, bypcdbis@hé8E €M SSion
changes for the two dyes, it is possible to indirectly nonitor the
formation of anplification product. Probes of this type and nethods of their
use are described further, for exanple, by Piatek et al., 1998, Nat.

Bi ot echnobhnd sl 9% B&itioh ¥Bghberandy K& Si¥kified 4960 ad¥dve aBieit@ICteAgty ATy

14: 303-308; and Tyagi, et_al., 1998, Nat. Biotechnol. 15 16:49-53 (1998).

[ 00621 Theampieehampersde thecXY ghanes (Helg cprstrgidscqn the gunimym teiad kplume opipeThel wel |
et al. 20 ' | - 2 : - ' .4, 2001,
“bupl ex sanmebtEinghie fbien SRARRED ] Bmif o R0, 0L IniaRecth s i ¢

Aci ds Researdirg? SatficalShotupfians dueitaremal mmebersfdfuengogfenmitag®@lpmuilaspors Wi th a

probe el eg?nr}])ﬁy t%tatc}‘;il(c'=,\'\t]ceez§:I re%ﬁirgdhrgin?mﬁrg rrllgmgcler%f ?lucl?rgs?cetslg c?rp cﬁﬁgﬁvise optically-emitting

molecules or objects). In such a case, it- may be necessary to extend the chambers parallel to
the Z (optical)-axis such that the total volume of each chamber remains equal to or greater
than some minimum figure. Greater extension along Z (creating high-aspect ratio, or
10 columnar chambers which concentrate the sample to be interrogated along the Z-axis) will
generally result in a larger blur of the chamber image at the detector for given object-side
NA, due to depth-of-focus considerations, assuming blur due to depth of focus is greater than
or equal to blur due to lens aberrations and other issues. In some situations, this will lead to
the user of a lower object-side NA. Use of a lower NA lens system allows for greater depth
15  of focus and hence light collection from a chambers extended parallel to the optic axis
without generally incurring inordinate crosstalk in the optical signal between adjacent or
nearby chambers. In this way, a greater density of chambers in the X-Y plane (the place
perpendicular to the optic axis) may be used without inordinate crosstalk, while the total
chamber volume may be kept large by extension of the chambers in Z (parallel to the optic
20  axis). In this case, or other cases where a lower object-side NA is acceptable (e.g., cases
where a larger XY spacing of reaction chambers allows for more chamber-image blur at the
detector without undue crosstalk; in non-light-limited applications, where higher NA is not
essential; where there is sufficient sample that photobleaching is not an issue; non-
photobleaching samples, circumstances such as lower acceptable system sensitivity), a lower
25  system magnification (M < 1) may be suitable, particularly if M > NA,/0.5, or more
preferably M > NA,/0.36, where NA, = object side NA, or more generally M 2 NA/NA e
where NA4e = maximum NA allowable onto the detector face without overlarge

reflection/insertion losses to the detector (NA g4 = 0.36 to 0.5 for a typical CCD).

[0137] In cases where object-side depth-of-focus and/or blur requirements do not

30  necessitate an object-side NA < 0.36, or possibly 0.5, or more generally NA, < NAge, a larger
detector is desirable since due to Etendue considerations (as discussed above), since a larger
M (generally requiring a larger detector for a given sample size) will allow a smaller NA;

(image-side NA) for a given NA,. Hence where light-collection requirements (e.g. to achieve
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20 They are used in real-tine anplicon-specific detection of PCR products in
honogeneous solution. Two different formats are possible, the steml oop
format and the "duplex' format. |In both cases the probing nechanismis

i nt ranol ecwioemos/ikless basi ¢ el enents of Scorpions in allpdoustessinése: (i) a
PCR priner; (ii) a PCR stopper to prevent PCR read-through of the probe
elenment; (iii) a specific probe sequence; and (iv) a fluorescence detection
system 25 containing at |east one fluorophore and quencher. After PCR

ext ensi on, othé}%e§%9'é .s%ratlﬂflé (ngr To lo(zvef%flil fa _Nﬂ%!lé&%?@és iaﬂ§ sibh

sequence that s conplenentary to the probe, i'ch ere
si ngl e- st tahidests digrmimgnizédatdendstentat lmsuch emyediofentsatcdan BERs&fyldb @se On cool i ng,

the probe . s free to bind,to this ¢ nent ary. sequenge roduci an
nor ense. FReRP e Brgitioie, 3n} RGBS Halnkar o BREWRL IR, 1) o
the flsior gehor Ge mMibOINAR dviRREbe PiEENUSe FRusdiRsdd RBcRr hBGWs idihaegh of the

probe by Tag DNA pol ynerase. [00631 |Invader assays (Third Wave Technol ogi es,
Madi son, Wiie gagnifisaipned the eplica systemnd hence (via eténdue considerations) higher NA

light collection from the sample for a fixed incident NA onto the detector (the latter set, e.g.,

by reflection losses at the CCD surface at high incoming ray incident angles).

[0138] A particularly preferred detector uses a CCD camera and an optical path that

10 provides for a large field of view and a high numerical aperture to maximize the amount of
light collected from each reaction chamber, thereby increasing detection sensitivity. In this
regard, the CCD is used as an array of photodetectors wherein each pixel or group of pixels
corresponds to a reaction chamber rather than being used to produce an image of the array.
Thus, the optics may be altered such that image quality is reduced or defocused to increase

15  the depth of field of the optical system to collect more light from each reaction chamber. In
some embodiments, it is useful to employ high aspect ratio, or columnar chambers, to
concentrate the sample to be interrogated by the detector along the optical axis of the optical
system, and preferably by defocussing the image to increase the depth of field. Use of a low
NA lens system, preferably a bilaterally symmetrical lens system is used. It is also useful to

20  use a detector device, for example, one or more CCD devices, having a size of ,or larger than,
the area of the microfluidic device to be imaged. Used in conjunction with the low NA

optics, improved detection sensitivity can be realized.

[0139] A detector system can include a light source for stimulating a reporter that generates
a detectable signal. The type of light source utilized depends in part on the nature of the

25  reporter being activated. Suitable light sources include, but are not limited to, lasers, laser
diodes, white light sources, and high intensity lamps. If a laser is utilized, the laser can be
utilized to scan across a set of detection sections or a single detection section. Laser diodes
can be microfabricated into the microfluidic device itself. Alternatively, laser diodes can be
fabricated into another device that is placed adjacent to the microfluidic device being utilized

30  to conduct a thermal cycling reaction such that the laser light from the diode is directed into

the detection section.
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SNP genotyping and utilize an oligonucl eotide, designated the signal probe,
that is conplenentary to the target nucleic acid (DNA or RNA) or

pol ynmor phism site. A second 16 WO 2005/ 121864 PCT/ U82005/ 020250 the 3

nucl eot i dewsemoseness4 cont ai ns a nucl eoti de pol ynor phi smpchhes2bdswaskes O i go
interferes wth the binding of the signal probe to the target nucleic acid
such that the 5 end of the signal probe forns a "flap" at the nucl eotide
cont ai ning the polynorphism This conplex is 5 recognized by a structure

speci fic gRdRRUG 8a5As0 ©alul& dot dX8mblceAeaTRr-A1E ¥éBor, FroRNeGHty ehRRkes the 5
flap of the nucleotides. The released flap binds with a third probe bearing

FRET | abebpetentidieqtadsenter(pisn gHahestraés) agdipr axamparernettic sensecE@hite s@nier t he

Cl eavase 8Qﬁ%ﬂ%xmdgghﬁﬁ5lﬂﬁmkgg Cl eavase enzyne cl eaves a fl uorophore away
froma quencher and produces a ' fluorescent signal. For SNP genotyping, the

signal 5 PT ?(Pl%l]w l(:‘lertz?i% irclitgl%glgtrllgrg d}geg tha¥ Bnra![ lgia{v%e %ravr\#.lattig fluorescent enhancement upon
binding to double-stranded DNA, and/or show strong chemical affinity for double-stranded
" DNA, can be used to detect double-stranded amplified DNA. Examples of suitable dyes
include, but are not limited to, SYBR™ and Pico Green (from Molecular Probes, Inc. of
Fugene, OR), ethidium bromide, propidium iodide, chromomycin, acridine orange, Hoechst
10 33258, Toto-1, Yoyo-1, and DAPI (4’,6-diamidino-2-phenylindole hydrochloride).
Additional discussion regarding the use of intercalation dyes is provided by Zhu et al., Anal.

Chem. 66:1941-1948 (1994), which is incorporated by reference in its entirety.

[0142] As illustrated in figure 1A, some embodiments of the present invention provide a
1:1 imaging system adapted to generate and detect fluorescent, chemiluminescent,

15  bioluminescent, and other signals from the microfluidic device. A 1:1 imaging system is
provided in some embodiments that utilizes an image detection device as large as the sample
to be imaged. By providing 1:1 imaging of a large field of view, on the order of several cm?,
embodiments of the present invention provide increased numerical aperture (NA) optical
systems. Because light collection efficiency is approximately proportional to NA?, the

20  increase in NA provided by some embodiments of the present invention enable the collection
of suitable fluorescent signals from reaction chambers comprising reaction volumes on the
order of one to tens of nanoliters and active fluorophore concentrations on the order of 1.0
nanoMolar. In other embodiments, active fluorophore concentrations in picoMolar ranges

provide suitable fluorescent signals.

25 [0143] Additionally, embodiments of the present invention provide for imaging systems
that are slightly reducing, forming, for example, an image that ranges from about the same
size as the object to about half the object size. For example, in an embodiment, an image of a
spatial region of a microfluidic device is transmitted and captured, the spatial region being
associated with more than 96 chambers. An image detecting device is used to capture the

30  image of the spatial region using an irhage detection spatial region that is about equal to or
slightly less in size than the spatial region of the microfluidic device. Merely by way of

example, the ratio of the area of the spatial region of the microfluidic device to the area of the
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10 either the reference (wild type) allele or the variant (nmutant) allele.

Unlike PCR thereis a linear anplification of signal with no anplification
of the nucleic acid. Further details sufficient to guide one of ordinary
skill in tiwoadb1ases provided by, for exanple, Neri, B.Bcru®oos@ozso Advances

in Nucleic Acid and Protein Analysis 3826:117-125, 2000) and U.S. Patent No.
6, 706, 471. 15 [0064] A variety of nultiplex anplification systens can be
used in conjunction with the present invention. In one type, several

di fferent ah8h 98 SinG6Re Q@bgﬁhﬁﬁﬁ,etg? ?%%rf% ﬁe@f‘tﬁ%j ?:b}é b%gselt’l%airﬁ%#‘:l’%ﬁois Bl‘ee

differently [ abel ed probes eac I's designe I'ze only to a
parti cul amdrely gaempl8iynasthe satio splectbé fdndise imading fsgstentwill dbmand obithediantiputan each
target to bﬁ'd tected based on the fluorescence signals. By judicious

choi ce of PR ferent Iabels that are utilized, 20 anal yses can be
conducted in which the different |abels are excited and/ or detected at

di ffereént (441 dngene ephodimentsdheopticalimaging sgdem irclyfes a fieldgf aiqvepicabout

Spect r oscopy, { ReSE &nthed Lsmbodiments, the optical imaging system includes a field of view that
ranges from about 1 cm x 1 cm to about 5 cm x 5 cm. In particular embodiments, an object
field of view of 2 cm x 2 cm, 2.5 em x 2.5 cm, 2.76 cm x 2.76 cm, 3.07 cm x 3.07 cm, 3.5 cm
x 3.5 cm, and 4 cm x 4 cm, is provided. In general, the field of view of the optical imaging

10  system is selected to correspond to the spatial region of the microfluidic device, for example,

an area including a number of reaction chambers of interest.

[0145] Moreover, embodiments of the present invention provide optical imaging systems
with a range of numerical apertures. As an example, an NA ranging from 0.1 to 0.5 is
provided according to various embodiments. In a particular embodiment, NAs of 0.15, 0.18,

15 0.2,0.23,0.25,0.3, 0.36, and 0.4 are provided.

[0146] The spatial resolution of the optical imaging system will generally be a function of
the size of the pixels in the image detecting device. In some embodiments of the present
invention, the magnification (equal to one for some embodiments) and the size of the pixels
present in the detector will determine the number of pixels associated with each reaction

20  chamber. Generally, it is preferable to have multiple detector pixels associated with each
reaction chamber. For example, if a reaction chamber is 45 pm on a side, up to nine square
pixels having a side dimension equal to 15 um will overlap with the reaction chamber in the
1:1 imaging system. Thus, according to embodiments of the present invention, the number of
pixels associated with each reaction chamber ranges from 1 to 100. For example, 4 pixel

25  regions, 9 pixel regions, 16 pixel regions, 25 pixel regions, 36 pixel regions, 49 pixel regions,
64 pixel regions, and 81 pixel regions are associated with each reaction chamber according to

some embodiments of the present invention.

[0147] In embodiments of the present invention, a range of pixel sizes from 1 pm? to 900

pm? are utilized. For example, square pixels 1 um on a side, 2 pm on a side, 3 um on a side,
30 4 pmonaside, 5 um on a side, 10 um on a side, 13.5 pm on a side, 15 pm on a side, 20 pm

on a side, 25 pm on a side, and 30 pm on a side are utilized in various embodiments of the

present invention. As will be evident to one of skill in the art, the pixel size, the detector
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Eds.) Marcel Dekker, New York, (1971); Wite et al., Fluorescence Analysis:
A Practical Approach, Marcel Dekker, New York, (1970); Berl man, Handbook of

Fl uorescence Spectra of Aromatic Ml ecules, 2nd ed., Academ c Press, New
Col our and 25 Constitution of fFrgagiesd¥eisecul es,
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Depending on the availability of detector arrays, greater numbers of pixels per array may be
provided in some embodiments. In particular embodiments, array dimensions of 1,024 x

1,024 pixel regions and 2,048 by 2,048 pixel regions are utilized.

[0149] Embodiments of the present invention provide an optical imaging system
characterized by several system parameters. For example, a working distance of greater than
35 mm, for instance, 45.92 mm is available through embodiments of the present invention.
In another embodiment, a Root-Mean-Square (RMS) spot diameter averaging 13.44 pm with
a maximum value of 17.85 um is provided. Moreover, through embodiments of the present
invention, an illumination variation of about + 5% is achieved. In some embodiments, the
overall length of the optical imaging system is 542.1 mm with a maximum filter AOI of
12.56 degrees, a maximum beam diameter at the filter of 76 mm, a distortion of < 0.10 %,

and a maximum lens diameter of 5.512 inches.

[0150] Figure 1B is a simplified diagram for an imaging system according to an
embodiment of the present invention. In some embodiments, the imaging system illustrated
in figure 1B is utilized for imaging of microfluidic devices including devices adapted to
perform protein crystallization processes. Additional details regarding imaging systems as
illustrated in figure 1B and associated microfluidic devices are found in co-pending and
commonly owned U.S. Patent Application No. 10/902,494, filed July 28, 2004 and U.S.
Patent Application No. 10/851,777, filed May 20, 2004, the disclosures of which are
incorporated by reference herein for all purposes. In particular, additional details regarding
microfluidic devices provided according to embodiments of the present invention and their
use in conjunction with the imaging system as shown in figure 1B are found therein. These
diagrams are merely examples, which should not unduly limit the scope of the claims herein.
One of ordinary skill in the art would recognize many variations, alternatives, and

modifications.

[0151] Imaging system (10) operates, in one embodiment, in the following manner. First,

microfluidic device (30) is securely placed on stage (20). Based on a fixed feature of the
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17 WO 20051121864 PCT1US20051020250 involves the determ nation of whether a
diploid organism(i.e., an organismw th two copies of each gene) contains
two copies of a reference allele (a reference-type honozygote), one copy
each of thevosmbhermsme and a variant allele (i.e., a hetecopuyHodeh2soor
contains two copies of 5 the variant allele (i.e., a variant-type
honozygote). When conducting a genotyping analysis, the nethods of the

i nvention can be utilized to interrogate a single variant site. However, as

descri bed (g E&ﬁﬁuté}e{hﬁyythé?x éah&s%%ﬂv@@@@o ekt gt@}; ﬁ&bpgoout %lf?%ﬂ%ﬁuﬁ%ﬂ al so

be used to ‘determne the genot ype an individ I n man fferent DNA
| oci, eit Hevico@) frea ﬁeshfe,ygneﬁéon Wdhfaffe$te>|ﬁta plyedldy 06ﬁdmmanlemg&; mderefretheof . 10
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st ati stsi calist&icamidpod dfliarrﬂ)bﬂctenaar @oiny, coﬁaemﬁhfo&fs by imaging device (60) based on dead
reckoning from the fixed feature. A user of the system then registers the precise coordinate
of the fiducial with the imaging system. Two or more additional fiducial marks are then
likewise mapped with the assistance of a user. In other embodiments, this process is
automatic as the centroids of the fiducials can be calculated precisely by locating the
10 symmetric XY fiducial object and removing any non-symmetric components. Imaging
device (60), under the control of computer (110) then adjusts the z dimension location of
focal plane (100) to focus upon the fiducial marking. For example, once focused upon the
first fiducial marking, the imaging system then obtains a first x,y coordinate image of
microfluidic device (30) looking for additional fiducial markings within the field of view of
15 imaging device (60). In preferred embodiments, the field of view can embrace an entire
metering cell. The computer then analyzes the first x,y coordinate image to determine
whether the microfluidic device has skew and stretch, and if skew or stretch are determined,
transforms the first x,y image to align the image and coordinate map of the microfluidic
device to an idealized coordinate map. The idealized coordinate map is used later during

20  image subtraction and masking steps.

[0152] In preferred embodiments, with the microfluidic device x,y coordinate image
aligned against the ideal coordinate map, the system then determines whether the stretch,
distortion or lack of co-registration between the various microfluidic layers is present in the
microfluidic device by comparing the location of the fiducial markings in the X,y coordinate
25  image with the fiducial markings locations in the x,y coordinate image of the ideal stored
image map. If differences are present between the actual fiducial locations and the imaged
fiducial locations, a matrix transformation, preferably an Affine transformation, is performed
to transform the imaged shape of the metering cell into a virtual shape of the ideal metering
cell shape. By converting the actual image to a known and fixed ideal image using the matrix
30  transformation computed from the differences between the measured actual fiducial locations
and the stored ideal fiducial locations, image subtraction and other image analysis are made

possible.
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the two alleles for a diploid subject are present in the reaction site at a
wor kabl e DNA concentrations. Otherwi se, an analysis could yield results
suggesting that a heterozygote is a honpzygote sinply because a copy of the
second al | &¥®20081218d4 present at the reaction site. 15 TpBi@sloodhebW

I ndi cates the nunber of copies of the genone present in a 1 nl reaction

vol ume at various exenplary DNA concentrations that can be utilized with

t he devi ces described herein. Table 1: Nunber of genone copies present in a

%ngﬁglo! 't te gm%ﬁlg ‘&(ﬁﬁs{?ﬁml\laﬁibg Tﬂgg@ligg«t o ??gcﬁﬁﬂﬁgﬁ’étﬁa?tirhﬁ’é% in®hnV{@tdt WRage for
use in further image processing described herein. By causing the imaged microfluidic device
to conform to a standard shape, image subtraction and masking is possible to maximize the

5 viewable area of a metering cell chamber. Moreover, if defects or debris are present within
the chamber at time zero in a series of time based images, such defects or debris can be
masked out of subsequent images to avoid false signals when applying automated analysis.
In addition to masking off areas of the chambers which contain defects or debris, the walls of
the chambers may be subtracted from subsequent images, again so as to not cause false

10  readings in the subsequent analysis. The discrepancy between various layers, such as
between the control layer and the channel layer, can aléo be calculated based on the position
of a found object in the control layer, such as the control lines themselves. In another
example, this correction is determined based on the control layer fiducials themselves. For

certain embodiments, this extra transformation is important since the control layer partitions

15  the protein chamber from the rest of the control line.

[0154] Figures 2A-2C are simplified schematic diagrams illustrating a lens assembly
according to an embodiment of the present invention. As illustrated in figures 2A-2C,
microfluidic device 205 is provided in each of the figures. Although the thermal controller
and other system elements are not illustrated in figures 2A-2C, one of skill in the art will
20  appreciate the relationship between the two figures. Accordingly, where appropriate,
reference numbers have been carried over from figure 1A to further clarify the relationship

between the various figures.

[0155] First lens system 210 is illustrated in figure 2A as including a first aperture 211. As
illustrated, the first aperture is positioned between individual lens elements, however, this is
25  not required by the present invention. In other optical designs, the position, size, and other
characteristics of the first aperture are selected to achieve predetermined optical design goals.
Second lens system 212 is also illustrated in ﬁguré 24, including a second aperture 213. As
discussed in relation to first lens system 210, the optical elements are arranged in accordance

with the predetermined optical design goals.

30 [0156] Referring to figures 1A and 2A-2C, additional details regarding the optical filter
device are illustrated. In general, lens systems 210 and 212, along with the optical filter

device 213 are provided in a portion of the imaging path. In some embodiments the imaging
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10.0516 0.01 3 10.0031 [0067] As a general matter, due to stochastic
proportioning of the sanple, the copy nunber present before an anplification
reaction is comenced determnes the likely error in the nmeasurenent.

Genot ypi ng Ve alofamse4usi ng certain devices are typicallype@rndbet@ th
sanpl es having a DNA concentration of approximately 0.10 g4tL, although the
current 25 inventors have run successful TagMan reactions at concentrations
in which there is a single genone per reaction site. 100681 Genotypi ng

anal yses Gigalb €roanthe nitrefluidii degica to/hf dtegtonf AdidédeabanmorPBEbRsthel Nt hese

met hods, it i enerally sufficient to obtain "yes" or "no" result, it,
det ecti on omé@i ﬁﬂsrrﬂeylcsés %@@P@dﬂ%mﬁﬁéﬁ‘é?d%%eﬁt?égﬂdéﬂd%m@e OHC g HEIF al | el e

i's presentgodltisit eRRAbY $igSal€ &Y i@ 8dapted to process one or more chromatic aberrations
5  associated with the one or more fluorescent emission signals to a determined level. In some
embodiments processing the one or more chromatic aberrations includes reducing such

aberrations.

[0157} In a particular embodiment, a first spectral filter 214 and a zero-power optical
element 216 are provided as illustrated in figure 2A. Referring to figure 1, the filter/zero-

10 power element combination is present in the optical path between the microfluidic device and
the detector when the optical filter device 213 (in some embodiments, an emission filter
wheel) 1s in a first operating position. The optical elements in figure 2A are optimized for the
transmission and focusing of wavelengths at approximately the center of the optical
spectrum. Accordingly, in an embodiment, the spectral filter 214 is centered at a wavelength

15  of 570 nm, associated with the fluorophore Vic®, available from Applied Biosystems of
Foster City, CA. Additionally, the spectral filter is characterized by a spectral bandwidth of
30 nm. As will be described more fully below, in some embodiments, filter/zero-power
elements adapted to correct for chromatic aberration are also provided that are centered at

other wavelengths, generally at wavelengths shorter and longer than 570 nm.

20  [0158] As discussed in relation to the spectral filter 244 in figure 1A, the optical filter
device is not limited to the geometry of a wheel. For example, spectral filters, aberration
correcting elements, and combinations thereof, that drop into a filter holder are included in
embodiments of the present invention. Moreover, electro-optic filters as well as filters placed
into the optical path by actuators and the like, combined with aberration correcting elements

25  are also included according to embodiments of the present invention.

[0159] Figure 2B illustrates the first and second lens systems with the emission filter wheel
in a second operating position. In the embodiment illustrated in figure 2B, the spectral filter
224 is centered at a wavelength of 518 nm (associated with the fluorophore Fam™, available
from Applied Biosystems) and is characterized by a spectral bandwidth of 25 nm. Generally,

30  the spectral filter 224 is adapted to transmit fluorescent signals associated with fluorophores
emitting at "blue" wavelengths, typically associated with wavelengths near the short

wavelength portion of the optical spectrum.
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18 WO 2005/ 121864 PCT/ US2005/ 020250 potentially at a pol ynorphic site.
However, nore typically, prinmers and nucl eotides to detect the presence of

each allele potentially at the polynorphic site are i c,%g Q69] Single
Base Pai r W18t ( SBPE) reactions are one techni qugp(ls S?ﬁﬁ"%%ﬁ‘?y 5

devel oped for conducting genotypi ng anal yses. Although a nunber of SPBE
assays have been devel oped, the general approach is quite simlar.

Typically, these assays involve hybridizing a primer that is conplenentary
to a targemeRzelodireniy ihy fiicserptpaiver drablet isgnenvided astecomponnbeptica] dlemendi at el y
5 of the,¥ardanbuit bfib@fimbrits ég%d &QS%@&& ddoEFfe?E}%'dgﬁcﬁeﬁ &fo%‘ fred in

t he presence of one or nore fa el ed non-extendi bl e nucl eotides that are
conpl emenothery Mareovee, ifi Gomel cinbarinegaté, she ¢rhiasiom Gberpyheechio rotated éntnodify theand a

o event o FutiRer UG BHerg PRy oAb Lo sebuful Pl AR ER PR 0
position to the second operating position. The zero-power doublet 226 illustrated in figure
2B is designed to correct for chromatic aberration introduced by the optical system at "blue"
wavelengths. In a specific embodiment, the zero-power doublet is selected to correct for
chromatic aberration at the wavelength associated with the emission from a particular

10 fluorophore, for example, Fam™,

[0161] In some embodiments, the zero-power doublet is fabricated from separate optical
materials with different index of refraction values. Merely by way of example, as illustrated
in figure 2B, a planar-concave lens is coupled to a convex-planar lens. In a specific
embodiment, the zero-power doublet is a Fraunhofer achromat with the optical elements

15 cemented together. In other embodiments, alternative designs are utilized as will be evident
to one of skill in the art. In some embodiments, buried doublets as illustrated throughout the

specification are utilized to reduce axial chromatic aberration in the blue and red filter bands.

[0162] Figure 2C illustrates the first and second lens systems with the emission filter wheel
in a third operating position. In the embodiment illustrated in figure 2C, the spectral filter

20 228 is centered at a wavelength of 645 nm (associated with the fluorophore Rox™, available
from Applied Biosciences) and is characterized by a spectral bandwidth of 75 nm. Generally,
the spectral filter 228 is adapted to transmit fluorescent signals associated with fluorophores
emitting at "red" wavelengths, typically associated with wavelengths near the long

wavelength portion of the optical spectrum.

25 [0163] Asin figure 2B, an optical element 230 acting as a zero-power doublet is illustrated
in figure 2C. In some embodiments, the filter/zero-power doublet is provided as a compound
optical element, whereas in other embodiments, the filter and zero power doublet are
detached from each other. Moreover, in some embodiments, the emission filter wheel is
rotated to modify the position of the filter/zero-power optical elements, transitioning from the

30 first or second operating positions to the third operating position. The zero-power doublet
230 illustrated in figure 2C is designed to correct for chromatic aberration introduced by the

optical system at "red" wavelengths. In a specific embodiment, the zero-power doublet is
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the prinmer. If the added non-extendi bl e nucl eotide(s) is(are) conplenentary
to the nucleotide at the variant site, then a | abel ed non-extendible

nucl eotide is incorporated onto the 3' end of the primer to generate a

| abel ed exwan@bonigroduct. Hence, extended prinmers provecgu@nostihoisndi cati on
of which nucleotide is present at the variant site of a target nucleic acid.
Such nethods and rel ated net hods are discussed, for exanple, in U S. Patent
Nos. b5, 846, 710; 6,004, 744; 5,888,819; 5,856,092; and 5, 710,028; and in WO

92/'16657. fidadd PdrtiEancliopbghored Fitle)@fisle Rk ™8] EOmPEriny &4 B8laniS1 @) Ghe zero-
gquantitative PCR nethods. In this case, differentially | abel ed pr obes
conpl enentPaiygr dapblehdlusisated indigurg &F compritens PRRE-GORKPUIGBHCOpled Jpa paggent s,

t oget her Vﬂlatn REd mers, nucl eotides and pol ynerase. However, reactions can be
conducted 'wth only a single probe, although this can create anmbiguity as to

bl LR TR SR TR L
possi bl e 195, Bepaldy s0rapddcatediwith theipeespictil iRt bl de¥igned such that they help
correct chromatic aberration at the wavelengths passed by said respective filters. This design
allows for more uniform and consistent spot sizes, blur, and other optical characteristics of
the lens system across different filters which pass different wavelength regions. These
10  benefits are useful for applications such as that described where tight packing of the reaction
chambers in the microfluidic device is utilized. Additionally, design goals for allowable
crosstalk between optical signals from different reaction chambers generally places limits on
the maximum spot or blur sizes allowed at the image plane. Aberration correction optics
reduce the blur or spot size at one wavelength extreme (e.g. a filter passing in the blue
15  wavelength region) and also reduce the blur or spot size at a different wavelength region (e.g.
for a filter with a passband in the red wavelength region). This benefit is useful in cases
where the overall measurement is a ratiometric one, depending on separate signals detected
in, e.g., both the red and blue wavelength regions, thereby improving the sensitivity of the
entire assay. The discussion provided above has pertained to specific embodiments, but one
20  ofskill in the art will understand that there are many variations of corrective zero-power
optics which may be similarly placed in the optical train in conjunction with filters of

different wavelength passbands that are included within the scope of the present invention.

[0165] Figure 3 is a photograph of fluorescent emission centered at a first wavelength
produced by a reaction occurring in a number of reaction chambers present in a microfluidic
25  device according to an embodiment of the present invention. As illustrated in figure 3, a
number of reaction chambers produce emission at a first wavelength, "Wavelength 1." In the
embodiment of the present invention illustrated in figure 3, a 10 x 16 array of reaction
chambers are imaged. In some embodiments, the first wavelength is associated with a
fluorophore as discussed previously. As will be evident to one of skill in the art, the intensity
30  of emission at the first wavelength is a function of the chemical processes occurring in the
reaction chambers. As illustrated, a two-dimensional array of 10 x 16 reaction chambers is
imaged by the optical imaging system provided according to an embodiment of the present

invention. As discussed previously, the reaction chambers are in fluidic isolation in some
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| abel ed probes, each perfectly conplenmentary to one of the alleles are
usual ly included in the 25 reagent m xture, together with anplification
prinmers, nucleotides and pol ynerase. Sanple containing the target DNA is
I nt r oducedwaontoos/ihg4r eaction site. If the allele to whi gbr/B8si69R6501 S
conplenentary is present in the target DNA, then anplification occurs,
thereby resulting in a detectable signal as described in the detection
above. Based upon which of the differential signal is obtained, the

identity ofyfilifcHakebeatd G@radferit o PRIMAR RhEsciel i naAitlS afpbedhiinggd. | 30
both signals are detected, then both alleles are present. Thernocycling

during t hdensgies ph the drder op nidsedsed chambtesner sk ¢entimigtert enper at ure cont r ol
section supra. 19 WO 2005/121864 PCT/ 1JS2005/ 020250 is expressed in a
particul afowwe] | Fightes et ghotdghaphiod fluc@stelteens|bidr denteradeat aBedondenaeelahdty | S
quantitative. In a differential gene engr essjion analysis, the |evels of the
gene( S)S i BTQHeed by q reaction occurring in'a number of reaction chambers present in a microfluidic

device according to an embodiment of the present invention. As illustrated in figure 4, a

number of the reaction chambers produce emission at a second wavelength, "Wavelength 2."

Comparing figures 3 and 4, some reaction chambers produce little to no light, while other

reaction chambers produce light at either the first wavelength, the second wavelength, or both

10  the first and second wavelength. Of course, collection and analysis of the fluorescence
activity may yield insight into the nature of the chemical processes occurring in the reaction

chambers.

[0167] Figures 5-7 are spot diagrams for selected wavelengths produced using an
embodiment of the present invention. Referring to the legends for the figures, the range of
15  wavelengths illustrated in the figures are generally grouped into three wavelength bands:
green, blue, and red wavelengths, respectively. Wavelengths of 525, 550, and 575 nm are
illustrated in figure 5, generally associated with the green region of the optical spectrum.
Wavelengths of 486, 501, and 516 nm are illustrated in figure 6, generally associated with the
blue region of the optical spectrum. Wavelengths of 616, 636, and 656 nm are illustrated in
20  figure 7, generally associated with thé red region of the optical spectrum. Figure 5 is
calculated for the lens system illustrated in figure 2A, figure 6 is calculated for the lens
system illustrated in figure 2B, and figure 7 is calculated for the lens system illustrated in

figure 2C.

[0168] Figure 8 is an illumination diagram illustrating relative uniformity as a function of
25  position produced using an embodiment of the present invention. In figure 8, the relative

illumination is plotted as a function of the Y field in millimeters for the optical system

illustrated in figure 2A. At a wavelength of 0.550 pm, the relative illumination uniformity

over a distance of 21.4 mm is greater than 90%.

[0169] Figures 9-11 are ensquared energy diagrams for several embodiments according to
30 the present invention. In some optical systems, a measure of the optical system performance
is the ensquared energy percentage, which is the percent of total energy in a specified central

region. Referring to figure 9, the fraction of the enclosed energy is plotted as a function of
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(e.g., atest cell) are conpared to the expression |evels of the sanme genes
i n another cell 5 (control cell). A wde variety of such conparisons can be
made. Exanples include, but are not limted to, a conparison between

heal t hy andyglb@sanest cells, between cells froman indi prgabookhRaded W th
one drug and cells from another untreated individual, between cells exposed

to a particular toxicant and cells not exposed, and so on. Genes whose
expression |evels vary between the test and control cells can serve as

mar kers a fAOT e e i | p of
genes is Pl :%ﬁ%te{dgﬁ %g&%gAr e%gu%}]a{ e }eh{}og iag) ggggﬁ%m ﬁP Ialtqt tﬁggg{t%rﬁ%ﬂr%uﬁge(g)ﬁt hy
cel | s, suctfthearseydamdacd et ZboutThS ker fSom thetdeatrad selesensdoch p@itionctl @nhinal |y be

utilized as the basis for diggnostic tests. These genes could also b
targets. e F\W@wn@mw P /%%?%awfa%/és frdade S AN DIEESHNTS  hat
result 9 n g ARHIOLI108ifRECBY R iBSRIQ arAfgehd}flly, UR-daRUItiBh RheBBRBSH ushy hQ072]
The design of the microfluidic devices utilized in enbodi nents of the
pr esent Fourier transform (FFT) algorithms. Figures 10 and 11 are ensquared energy diagrams for

the lens systems illustrated in figures 2B and 2C, respectively. In these figures, as in figure 9,

diffraction is included.

[0170] Figure 12 is a diagram illustrating field curvature and distortion for an optical

10 system provided according to an embodiment of the present invention. Field curvature is
illustrated for wavelengths of 0.525 pm, 0.550 pm, and 0.575 pum, as labeled in the figure.
The distortion varies for the illustrated wavelengths, with negligible difference between the

various wavelengths on the scale of 0.05% as illustrated.

[0171}] Figure 13 is a diagram illustrating double wavelength versus focus produced by

15  systems according to an embodiment of the present invention. In the figure, the chromatic
focal shift is illustrated as a function of the wavelength in microns. The wavelength range
plotted in figure 13 covers the wavelength range from 480 nm to 650 nm. As illustrated, the
maximum focal shift range is 214.3702 pm and the diffraction limited range is 4.243 pm.
Referring to figure 13, the colors focus over a 214 um long span over the indicated range.

20  Accordingly, an analysis of the system performance, generally includes consideration of the
spot sizes at + 100 pm of defocus. In general, the size of the defocused spots will exceed that
of the in-focus spots. According to embodiments of the present invention, axial chromatic
aberration is corrected through the use of the buried doublets discussed above. In alternative
embodiments, special glass types are utilized to achieve apochromatic performance

25  (generally obtained at an increased cost compared to other glass types).

[0172} Figures 14-16 are spot diagrams for selected wavelengths produced using an
embodiment of the present invention. As illustrated in the legend of figure 14, spot diagrams
for wavelengths in the green region of the optical spectrum (525, 550, and 575 nm) are
provided with the system at an optimal focus position. To generate the spot diagrams

30  illustrated in figures 14-16, the lens system illustrated in figure 2A was utilized. Figures 15
and 16 are spot diagrams calculated at +100 pm of defocus and -100 pm of defocus,
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invention is helpful in facilitating a variety of gene expression anal yses.
Because the devices contain a |large nunber of reaction sites, a large
nunber of genes and/or sanples can be tested at the sane tinme. Using the

bl ind fl owvehamsetisedevi ces, for instance, the expressiorctesslosomiso hundreds
or thousands of genes can be determi ned at the sane tine. The devices al so
20 facilitate differential gene expression analyses. Wth the matrix design,
for exanple, a sanple obtained froma healthy cell can be tested in one

fl ow channgketrith b3 canss@ngd.€e froma diseased cell run in an i mredi ately

adj acent channel. This feature enhances the ease of detection and the

acouracy_ofuidie Figakl 151beRaYSRLREN 0P8R RCREENE IR saATe devi ce

at the sa under t condi t 1 ons. ariety of
mat ri x or ambodimdnebthe peosend disveatian. aAsiblusitatddiin éhet legend ofl figgretld, pobdidgramst s of
t he pr nti.on. hese devi ces a first
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second pl uiralidéd/wih tHel sp¥ters RBANGtEn 4l @SB Position. To generate the spot diagrams
illustrated in figures 17-19, the lens system illustrated in figure 2B was utilized. Figures 18
and 19 are spot diagrams calculated at +100 pm of defocus and -100 pm of defocus,
respectively. In figures 18 and 19, the same wavelengths in the blue region of the optical

10 spectrum are considered. As illustrated in figure 19, field 4 includes rays at 501 nm

extending outside the 100 pm box shown in the figure.

[0174] Figures 20-22 are spot diagrams for selected wavelengths produced using an
embodiment of the present invention. As illustrated in the legend of figure 20, spot diagrams
for wavelengths in the red region of the optical spectrum (616, 636, and 656 nm) are provided

15  with the system at an optimal focus position. To generate the spot diagrams illustrated in
figures 20-22, the lens system illustrated in figure 2C was utilized. Figures 21 and 22 are
spot diagrams calculated at +100 pm of defocus and -100 pm of defocus, respectively. In
figures 21 and 22, the same wavelengths in the red region of the optical spectrum are

considered.

20 [0175] In an alternative embodiment according to the present invention, another 1:1 optical
relay imaging system is provided including modifications to the optical elements illustrated in
figures 2A to 2C. Although the general optical train is preserved, characteristics of the
particular elements, including the filter/zero-power doublet combination are modified. In this
alternative embodiment, a working distance of greater than 35 mm, for example, 46.12 mm is

25 provided. Moreover, an RMS spot diameter averaging 11.28 pm with a maximum value of
14.73 pm is provided, the overall length of the optical imaging system is 542.2 mm, with a

maximum filter AOI of 12.59 degrees, and a maximum beam diameter at the filter of 76 mm.

[0176] Figures 23-25 are spot diagrams for selected wavelengths produced using an

alternative embodiment of the present invention. Referring to the legends for the figures, the
30 range of wavelengths illustrated in the figures are generally grouped into three wavelength

bands: green, blue, and red wavelengths, respectively. Wavelengths of 525, 550, and 575 nm

are illustrated in figure 23, generally associated with the green region of the optical spectrum.
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in the el astoneric substrate that intersect the first plurality of flow
channels to define an array of reaction sites, (iii) a plurality of
i sol ation val ves di sposed within the first and second 30 plurality of flow

channel s t hat200a14s¢ actuated to isolate sol ution wthipcpashoaholshe
reaction sites fromsolution at other reaction sites, and (iv) a plurality
of guard channels overlaying one or nore of the flow channels and/ or one or
nore of the reaction sites to prevent 20 WD 2005/ 121864 PCT/ US2005/ 020250

b £ . : . : ™
number of i ‘El(l@féagﬂ)tn_ JlePéftza.tfge);ﬂ, SE)Q% %%@eé%r&ﬁls%@%@g 6%?,05‘18 65T fe [iRistrate

t enperature regulation i'ng of nrucleic acid anal yses).
[ 00741 Sone fighret2hegameratiyfabsocidied vddntherd region of2be aptibabipgetrniny.pFigatel 33 is ef er r ed
to herein a "blind channel ".or.,"bl.ind, fill." a re aracterized in
Dot by a1 4P PPBD et St RewR e, Seps b GioRknE BN o
havi ng sa deadyasé based cnahatikehtrerd iisHgdte RBadndFphtd 2508 cslddlated for a lens system

based on that illustrated in figure 2C.

[0177] Figures 26-28 are ensquared energy diagrams for several embodiments according to
the present invention. Referring to figure 26, the fraction of the enclosed energy is plotted as
a function of the half width from the centroid (in microns) for various positions using the lens

10 system illustrated in figure 2A. As an example, for a position 14.8 mum from the center, about
80% of the energy enclosed at about 7.5 um from the centroid, whereas for a position 21.4
mm from the center, about 90% of the energy enclosed at the same distance from the
centroid. In figures 26-28, diffraction is included and generally, the calculation is performed
using fast Fourier transform (FFT) algorithms. Figures 27 and 28 are ensquared energy

15 diagrams for the lens systems illustrated in figures 2B and 2C, respectively. In these figures,
as in figure 26, diffraction is included.

[0178] 1t is also understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

20  this application and scope of the appended claims.
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only enter and exit the blind channel at one end (i.e., there is not a
separate inlet and outlet for the blind channel). These devices require
only a single valve for each blind channel to isolate a region of the blind
channel to forman isolated reaction site. During manufacture of this 10
type of device, one or nore reagents for conducting an analysis are
deposited at the reaction sites, thereby resulting in a significant
reductiongi,n the.nunber of input and outputs. Additionally, the blind
channel s &h@tﬁﬁ '8E1Bd to an interconnected network of channels such that
all the reaction sites can be filled froma single, or limted nunber, of
sanpl e inputs. Because of the reduction in conplexity in inputs and outputs
and the use of l-onl yAmapnargpefof Bnagingenc s mae pelededketicscereti ndeatons e, t he

space avahbg@hgmpgﬂ”¥§ggﬁ%g@ﬁﬁ%éggu%%géﬁﬁ$ﬁ@sed. Thus, the features of

t hese devi ces means Vi C | ude a | arge nunber of reaction
sites (e.g., um inagirmmtiofoupldus aneds) osnchagiber iaahleesenbingtrofledat i on site

o o5 nei et A eSSt Gyt A SRR sl ol and

wherein the at least one chamber is a closed reaction chamber, the imaging path
providing for transmission of one or more fluorescent emission signals derived from one
or more samples in the at least one chamber of the at least one microfluidic device, the
chamber having a chamber size, the chamber size being characterized by an actual spatial
dimension normal to the imaging path; and

an optical lens system coupled to the imaging path, the optical lens system being
adapted to transmit the one or more fluorescent signals associated with the chamber, the
optical lens system being further adapted to reduce a size of the actual spatial dimension
to a determined level and to transmit the one or more fluorescent emission signals
associated with the chamber at the reduced size at the determined level, wherein the
reduced size of the actual spatial dimension and the actual spatial dimension are

characterized by a ratio of less than 0.9.

2. The apparatus of claim 1 wherein the at least one microfluidic device is
characterized by a microfluidic dimension and the optical lens system is adapted to
provide an image of the at least one microfluidic device that is about a similar size as the
microfluidic dimension and adapted to transmit the one or more fluorescent emission

signals associated with the chamber at the about the similar size.
3. The apparatus of claim 1 wherein the ratio is less than 0.5.

4, A method of imaging one or more selected fluorescence indications from
at least one chamber of a microfluidic device, the method comprising:

transmitting one or more fluorescent emission signals derived from one or more
samples in the at least one chamber of at least one microfluidic device along an imaging

path coupled to the at least one chamber, wherein the microfluidic device is an
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translate into a significant reduction in the size of these devices conpared
to traditional 20 mcrofluidic devices. [0075] Other mcrofluidic devices
that are disclosed herein utilize a matrix design. In general, mcrofluidic
devices of this type utilize a plurality of intersecting horizontal and
vertical flow channels to define an array of reaction sites at the points of
I ntersection. Thus, devices of this design also have an array or reaction

sites; howguemeri¢ Reir8flhidicRlel RE GRS wRMERGke AFeRf orRaMRnGed iDRY0RePRbction | _
correspondi nghﬁout puts to accommodate the | arger nunber of sanples wth this

desi gn. Achasibgehayeg ephambfee ize dha chapbensizadei nghdiprastetizeshbyaar aoyuad spstiat ect ur e
enabl es ﬁ%eﬂ%iioﬁ’” r%?alftcl %Wﬂaéﬁ%\ﬁ%tﬁj v%l y through just the horizontal or flow
t I'P'ow ng For &S

channel s, "thus "a chabl e i sol ation of various flow channel s
in the matri X. trigAteing Weamne as nioheflidrestent ealigionadigrievissRsatal withlgRi gned to
conduct a | arge nu@er of, anal yses under different 30 conditions with a
limited nGhaseRer grougiag)apsicaldens sysem icQuried focdhs mage s tYG e e e gtigthal yze a

lens system is adapted to reduce a size of the actual spatial dimension to a determined
level and the reduced size of the actual spatial dimension and the actual spatial dimension

are characterized by a ratio of less than 0.9.
5. The method of claim 4 wherein the ratio is less than 0.5.

6. A system for imaging one or more indications from one or more chambers
of a microfluidic device, the system comprising:

an optical path, the optical path being capable of transmitting one or more images
of a portion of a spatial region of a microfluidic device from the portion of the spatial
region of the microfluidic device, the portion of the spatial region of the microfluidic
device being characterized by a first dimension;

a first lens system coupled to a first portion of the optical path, the first lens
system being characterized by a first optical characteristic;

a second lens system coupled to a second portion of the optical path, the second
lens system being characterized by a second optical characteristic, wherein the first lens
system and the second lens system are characterized as a tandem lens system; and

a detector device coupled to a third portion of the optical path, the detector device
capturing the one or more images of the portion of the spatial region, the detector being
adapted to capture the one or more images, the one or more images having a determined
size at the detector device of about the first dimension or less, wherein the determined

size is about 0.99 of the first dimension or less.
7. The system of claim 6 wherein the microfluidic device is characterized by

a microfluidic dimension and the detector device is characterized by a spatial dimension

for an active region.
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| ar ge nunber of sanples under a limted nunber of conditions. Still other
devices are hybrids of these two general design types. 21 WO 2005/ 121864
PCT/ US2005/ 020250 described in PCT publication WO 2004/089810, U.S. patent
application nunber No. 10/ 819088 published as US 20050019792, copendi ng
commonl y assi gned patent application No. entitled "Analysis using

m crofluidic partitioning devices" filed June 2, 2006 5 (attorney docket
nunber 020174- §1240Ghe s@ashodflainh? Gheieth tho sdrpOlidicalimbysidreitabanae in its
entirety for _all purposes. Lblng massi vely partitioning devices, a sanple
can be paﬁﬂ?W?éHééS”WﬁPﬁnﬁ HAPPude of isol ated reaction chanbers and
reactions carried out sinultaneously in each chanber. [0077] The

m crofluidic devices that are described herein are further

characterized in

part 9. The system of claim 7 wherein the micro fluidic dimension is less than the

spatial dimension.

10.  The system of claim 6 wherein the microfluidic device is an elastomeric

microfluidic device comprising at least 48 closed reaction chambers.

11. The system of claim 10 wherein the at least 48 closed reaction chambers

are in fluidic isolation from any of the other reaction chambers.

12. A method for imaging one or more indications from one or more chambers

of a microfluidic device, the method comprising:

transmitting one or more images of a portion of a spatial region of a microfluidic

device from the portion of the spatial region of the microfluidic device along an optical

path, the portion of the spatial region of the microfluidic device being characterized by a

first dimension;

coupling a first lens system to a first portion of the optical path, the first lens

system being characterized by a first optical characteristic;

coupling a second lens system to a second portion of the optical path, the second

lens system being characterized by a second optical characteristic; and

capturing the one or more images of the portion of the spatial region using a

detector device, the detector device being coupled to a third portion of the optical path,

the one or more images having a determined size at the detector device of about the first

dimension or less, wherein the determined size is about 0.99 of the first dimension or

less.

13. The method of claim 12 wherein the first lens system and the second lens

system are characterized as a tandem lens system.
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10 by utilizing various conponents such as flow channels, control channels,
val ves and/or punps fabricated fromelastoneric materials. In sone

i nstances, essentially the entire device is made of elastonmeric materials.
Consequently, such devices differ significantly in formand function from
the majority of conventional mcrofluidic devices that are formed from
plastics or silicon-based materials. The nunber of reaction chanbers

provi ded vari es4 acCorgdingiol 0f dine M QHERRINhS MM rofii8icRIceRE N cHaP¥RALiPN. [0078]
The design of the devices enables themto be utilized in conbination with a

nunber ofDYGlnilfl@ﬂéWﬂC<I‘1€’&t‘$lﬁ'gaf$%/t§?éﬁ5§0t0ﬂ¢ﬁ1{§3e it pharagtayizedBy aseatigbef ul i n
conduct i ng;, n\é% rh% VSRS ichNAE m dE@ﬂHfdﬁcele%HJ?&L é?oo%?gglmqar pdgl tionally,

those micro eV|ces adapte use "' ¢at'fons can

i ncor por atle saatﬁaludtrhmmodem gn feature to mnimze evaporation of 20 sanple
fromthe reaction sites. Devices of this type in general include a nunber of
guard channels and/or reservoirs or chanbers fornmed within the el astoneric

devi ce throughiyhi CR method of imaging microfluidic devices, the method comprising:
transmitting an image of a spatial region of a microfluidic device, the spatial
region being associated with more than 96 chambers; and
capturing the image of the spatial region using an image detection spatial region
associated with an image detecting device, the image detection spatial region being of

about an equal size of the spatial region of the microfluidic device.

16.  The method of claim 15 wherein the spatial region divided by the image

detection spatial region is about one (1).

17.  The method of claim 15 wherein the spatial region divided by the image

detection spatial region is about 0.99 or less.

18.  The method of claim 17 wherein the spatial region divided by the image

detection spatial region is about 0.88 or less.

19. The method of claim 15 wherein the image detection spatial region is

about 30.7 mm by about 30.7 mm or greater.

20.  The method of claim 15 wherein the image detection spatial region is

about 27.6 mm by about 27.6 mm or greater.

21.  The method of claim 15 wherein the image detection spatial region

comprises about 2048 by 2048 pixel regions.

22.  The method of claim 15 wherein the image detection spatial region

comprises about 2048 by 2048 pixel regions, each of the pixel regions having a spatial

59



water can be flowed to increase the water vapor pressure within the

el astoneric material from which the device is forned, thereby reducing
evaporation of sanple material fromthe reaction sites. 25 [0079] In

anot her enbodi nent, a tenperature cycling device nay be used to control the
tenperature of the mcrofluidic devices. Preferably, the mcrofluidic device
woul d be adapted to nake thermal contact with the mcrofluidic device.
Wer e t he dimesioh lofiatshue 1 8@ Igeabous] Sppepteadr. by a substrate material, such as
a glass slide or the bottomof a carrier plate, such as a plastic carrier,
a window may be formed in a region of the carrier or slide such that the 30

m crofluidic deyi CeThepr'h@tfh% @bax.nazziawwtet»\wwqe%@nseir@%sea%a%éﬂla‘fmk may
directly contact the heating/cooling block t tenperature cycling

devi ce. | teast qpeof thercbamberbodi nent, the heating/ cool i ng bl ock has grooves
therein in communication with a vacuum source for 22
24.  The method of claim 23 wherein at least nine pixel regions are associated

with at least one of the chambers.

25.  The method of claim 24 wherein more than 20 pixel regions are associated

with at least one of the chambers.

26. A method of imaging microfluidic devices, the method comprising:

capturing an image of a spatial region associated with at least a determined
number of chambers of a microfluidic device using an image detection spatial region
during a time frame of less than one minute, whereupon the capturing of the image of the

spatial region is substantially free from a stitching and/or scanning process.

27. The method of claim 26 further comprising capturing the image of the
spatial region associated with at least the determined number of chambers of the
microfluidic device using the image detection spatial region during a time frame of

greater than 10 milliseconds.

28. The method of claim 26 wherein capturing the image of the spatial region

occurs is a time frame of less than 30 seconds.

29.  The method of claim 26 wherein capturing the image of the spatial region

occurs is a time frame of less than 15 seconds.

30.  The method of claim 26 wherein the capturing occurs synchronously for

the time frame of less than one minute for the determined number of chambers.
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31. The method of claim 26 wherein the capturing occurs while the

determined number of chambers are maintained in a determined temperature range.

32.  The method of claim 31 wherein the determined temperature range is £2°

33.  The method of claim 31 wherein the determined temperature is a portion

of a cyclical temperature environment associated with a PCR process.

34,  The method of claim 26 wherein the determined number of chambers is at
least 96 or greater.

35. The method of claim 26 farther comprising capturing at least a second
image of the spatial region associated with at least the determined number of chambers of
the microfluidic device using the image detection spatial region during the time frame of
less than one minute, whereupon the capturing of the second image of the spatial region

represents a fluorescent emission.

36.  An apparatus for imaging one or more selected fluorescence indications
from a microfluidic device, the apparatus comprising:

an imaging path coupled to least one chamber in at least one microfluidic device,
the imaging path providing for transmission of one or more fluorescent emission signals
derived from one or more samples in the at least one chamber of the at least one
microfluidic device;

an optical filter device coupled to a first spatial portion of the imaging path
provided for transmission of the one or more emission signals, the optical filter device
being adapted to transmit a selected spectral bandwidth from the one or more fluorescent
emission signals and being adapted to process one or more chromatic aberrations
associated with the one or more fluorescent emission signals to a determined level;

a detector coupled to a second spatial portion of the imaging path to read a portion

of the one or more fluorescent emission signals;
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a first lens system coupled to a third spatial portion of the imaging path, the first
lens system being adapted to capture one or more fluorescent emission signals derived
from the at least one chamber in the at least one microfluidic device;

an optical source providing electromagnetic radiation characterized by one or
more spectral bandwidths;

an optical element coupled to the optical source, the optical element being
adapted to irradiate at least 96 chambers in the at least one microfluidic device, wherein a
group of more than 48 chambers is in fluidic isolation from any of the other chambers in
the group of more than 48 chambers;

a second lens system coupled to a fourth spatial portion of the imaging path; and

a thermal control module adapted to provide thermal control for the at least one
microfluidic device, wherein the optical filter device comprises a plurality of spectral

filters and a plurality of zero-power doublets.

37.  The apparatus of claim 36 wherein the plurality of zero-power doublets
comprises a first zero-power doublet adapted to reduce chromatic aberrations at a first
predetermined wavelength and a second zero-power doublet adapted to reduce chromatic

aberrations at a second predetermined wavelength.

38. The apparatus of claim 36 wherein the optical filter device reduces a

background signal associated with a portion of the imaging path to a predetermined level.

39. The apparatus of claim 36 wherein processing the one or more chromatic

aberrations comprises correcting the one or more chromatic aberrations.

40. The apparatus of claim 39 wherein correcting the one or more chromatic
aberrations comprises reducing the one or more chromatic aberrations to a predetermined
level, the predetermined level being characterized by a predetermined shift in a focal
point associated with a first ray characterized by a first color and a second ray

characterized by a second color.
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41. A method of analyzing processes in elastomeric microfluidic devices, the
method comprising:

capturing an image of at least 96 chambers in a time period of less than one
minute, wherein each of the chambers in the at least 96 chambers is in fluidic isolation
from any of the other chambers in the at least 96 chambers; and

processing the image.

42, The method of claim 41 further comprising:
capturing a second image of the at least 96 chambers in a time period of less than
one minute; and

processing the second image.
43.  The method of claim 41 wherein capturing an image is performed using an

optical system having a numerical aperture greater than or equal to 0.23 and a

magnification less than or equal to two.

44.  The method of claim 43 wherein the optical system has a numerical

aperture greater than or equal to 0.23.

45. The method of claim 41 wherein each of the at least 96 chambers

comprises a volume of about 100 nanoliters or less.

46. The method of claim 45 wherein each of the at least 96 chambers

comprises a volume of about 10 nanoliters or less.

47. The method of ¢claim 46 wherein each of the at least 96 chambers

comprises a volume of about 100 picoliters or less.

48. The method of claim 41 wherein the density of each of the at least 96

chambers is about 100 chambers per cm” or greater.
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49.  The method of claim 48 wherein the density of each of the at least 96

chambers is about 250 chambers per cm” or greater.

50.  The method of claim 49 wherein the density of each of the at least 96

chambers is about 1,000 chambers per cm” or greater.

51.  An apparatus for imaging an elastomeric microfluidic device comprising a
plurality of processing sites, the plurality of processing sites containing at least one
sample selected from M samples and at least one reagent selected from N reagents, the
apparatus comprising:

an illumination system coupled to the elastomeric microfluidic device and adapted
to illuminate the elastomeric microfluidic device with electromagnetic radiation;

an imaging system coupled to the elastomeric microfluidic device and adapted to
receive electromagnetic radiation emitted from the plurality of processing sites, wherein
the electromagnetic radiation emitted from the plurality of processing sites is a
fluorescent signal;

a detector coupled to the imaging system; and

a thermal controller coupled to the elastomeric microfluidic device.

52. The apparatus of claim 51 wherein the processing sites are closed reaction
chambers.
53.  The apparatus of claim 52 wherein the plurality of closed reaction

chambers comprise a reaction density of about 250 reactions in fluidic isolation per

square cm of area or greater.

54. The apparatus of claim 51 wherein the plurality of processing sites are

characterized by a volume of about 100 nanoliters or less.

55.  The apparatus of claim 54 wherein the plurality of processing sites are

characterized by a volume of about 10 nanoliters or less.

64



56.

The apparatus of claim 54 wherein the plurality of processing sites are

characterized by an array density of 250 sites per cm” or greater.

57.

The apparatus of claim 54 wherein the plurality of processing sites are

characterized by an array density of 1,000 sites per cm”or greater.

58.

The apparatus of claim 51 wherein the plurality of processing sites is

adapted to support protein crystallization processes.

59.

radiation.

60.

The apparatus of claim 51 wherein the electromagnetic radiation is optical

The apparatus of claim 51 wherein the microfluidic device further

comprises a thermal transfer device and the apparatus is adapted to apply a force to the

thermal transfer device to urge the thermal transfer device towards the thermal controller.

61.

62.

63.

force.

64.

65.

The apparatus of claim 60 wherein the force comprises mechanical force.

The apparatus of claim 60 wherein the force comprises a magnetic force.

The apparatus of claim 60 wherein the force comprises an electrostatic

The apparatus of claim 60 wherein the force comprises a vacuum force.

The apparatus of claim 64 further comprising a vacuum level detector.
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