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DEVICES FOR REAL-TIME POLYMERASE CHAIN REACTION

FIELD OF THE INVENTION

{001} The present invention relates generally fo devices and systems for facilitating

polymerase chain reactions,

BACKGROUND OF THE INVENTION

{602} A number of optical detection systems have been developed for use in
gualitative and guantitative nucleic scid measurements. Many such sysiems involve the
use of fluorescent probes or dyes in which the resulting signal intensiies are generally
proportional to the reaction products of polymerase chain reaction (PCR) amplification.
{603} As an example, U.S. Patent No, 5,828 907 describes 3 system for facilitating
real-time fluorescence-based measurements of nucleic acid amplification products
utilizing & lens co-axially disposed with a fiber oplic cable for focusing a single color
excitation beam into the volume of 3 sample. U.S. Patent Nao. 6,144 448 describes a
fluorescence detecling device including direct fiber oplic connections between a single
light source, contaner holder and single fluorescence detector. U8, Patent No.
7.295 316 describes a fluorometry device including a light source for providing a source
peam and optical devices for filtering the scurce beam. The oplical devices are located
on a movable platform and the devices filter fluorescent fight from the samples and also
separate the source beam from the fluorescent light. U.8. Patent No. 7,315378
describes a sample holder provided together with an optical manifold having an
excitation source, a photo receiver, or both, for each sample. US. Patent No. 7,807 575
describes a dala acquisition device and a detection device coupled to the dala
acquisiion device. The detection device includes a plurality of removable optical
modules and a rotating disk having a plurality of process chambers having a plurality of
speacies that amit fluorescent light at different wavslengths. U8, Patent No. 8,137,616
describes a system for performing multi-color real time PCR, comprising a flexible real
time PCR instrument and a specific composition or reaction mixture for performing
multiplex PCR. U.5. Publication No. 2012/0285268 describes detection instruments
inchuding filters that provide both emission and detection functions.
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{004} There ramains a need Tfor an improved system and device for facilitating
polymerase chain reaction thal allows for deleclion of stalionary sampiles, reduced
sample read time and simultaneous reading of muitiple light wavelengths, resulting in an
increase in the speed with which amplification and quantification {ake place. There is a
further need for instruments that include multiple light sources and detaectors that occupy
minimal space and require e or no ancillary instrumentation for facilitating light
provision, fluorescence detection, or movement of samples to read different samples or
fluorescent wavelengths. There is also a need for instruments that facilitale PCR and
detection without direct connection between a sampie holder and fiber optic cable.

SUMMARY OF THE INVENTION

[005] The present teachings mest one or more of the above needs by providing an
fnstrument for performing polymerase chain reaction with real-time detection, including a
light source, detector, waveguide, and filter sets that occupy minimal space and facilitate
detection of stationary samples, reduced sample read time, and simultaneous reading of
raaitiple light wavelengths.,

{006] The present teachings further provide for an instrument for performing
polymerase chain reaction with real-time detection comprising a filter whee! including a
plurality of filter pairs wherein one filter in each palr is an emission filter and ong fller in
each pair is a detection filter and wherein no filters align with both an emission light path
and a detection light path.

{oo7} The present teachings further provide for a device for performing polymerase
chain reaction with real-time detection comprising a sample holder configured to receive
one of more sample wbes that each have at [east one porlion that is generally optically
ransparent. The sample tubes are each adapied o receive g biological sample having &
nucleic acid to be amplified and at least one fluorescing agent that interacts with the
nucleic acid during amplification and that emils light upon excitation by light of a known
wavelength. The device further includes at least one light emilting dicde device thal is
carried on at least one support substrale, is in electrical communication with a power
source, and s adapted to emit ight at a plurality of different wavelengths. The device
may also include at least one photodiode array detector adapted o issue signals based
upon intensity of Hight it receives and a filter wheel including at least one filter pair such
that one filter in each pair is an emission filter and one filler in each pair is a datection
filter. The instrument may be free of any filter that is both and emission filter and a



detection filter. Each filter may allow two or more bands of light wavelengths to pass. The
instrument may be free of any filters that allow only a single band of light wavelength to
pass. One of each filter pair may include one filter that is exclusively an emission filter and
one filter that is exclusively a detection filter. The instrument may be free of any filters that
are not exclusively emission filters or detection filters. The number of filters may match
exactly the number of fluorophore classes detected by the instrument. The instrument may
be free of any filters that must align with both an emission light path and a detection light
path. One or more filters may not align with both an emission light path and a detection
light path. All filters may not align with both an emission light path and a detection light
path.

[008] As will be seen, the instrument described herein offers a unique approach to
providing a modular PCR device providing relatively high-speed PCR amplification and
detection by virtue of the device’s ability to provide solid-state detection of stationary
samples and reduced sample read time, and the ability to simultaneously detect light at

multiple wavelengths.

DESCRIPTION OF THE DRAWINGS

[009] Fig. 1 is a side cutaway view of an illustrative real-time cycling module in
accordance with the present teachings.

[0010] Fig. 2 is an exploded view of an illustrative real-time cycling module in
accordance with the present teachings.

[0011] Fig. 3 is an additional side cutaway view of an illustrative real-time cycling
module in accordance with the present teachings.

[0012] Fig. 4 is a perspective view of an exemplary external housing in accordance

with the present teachings.

DETAILED DESCRIPTION

[0013] This application is related to and claims the benefit of the filing date of U.S.
Provisional Application Serial No. 61/840,755 filed March 28, 2013.

[0014] The explanations and illustrations presented herein are intended to acquaint
others skilled in the art with the teachings, its principles, and its practical application. Those
skilled in the art may adapt and apply the teachings in its numerous forms, as may be best
suited to the requirements of a particular use. Accordingly, the specific embodiments of

the present teachings as set forth are not intended as being exhaustive or limiting of the
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teachings. The scope of the teachings should, therefore, be determined not with reference
to the above description, but should instead be determined with reference to the appended
claims, along with the full scope of equivalents to which such claims are entitled. Other
combinations are also possible as will be gleaned from the following claims.

[0015] This application is also related to U.S. Provisional Application number
61/681,879 filed August 10, 2012 and U.S. Provisional Application No. 61/752,494, filed
January 15, 2013. This application is also related to U.S. Application Nos. 13/484,963 filed
May 31, 2012 and 13/833,349 filed March 15, 2013.

[0016] The present teachings pertain generally to an improved device for performing
high-speed real-time polymerase chain reaction. The device includes one or more PCR
modules, each PCR module including one or more light sources, one or more detectors,
one or more waveguide devices and optical componentry for light differentiation.
Advantages of the instrument described herein include reduced total componentry which
allows for interchangeability of PCR modules and a reduced footprint. This includes the
ability to employ less hardware per sample. Further, minimal hardware is required per
sample such that the functionality of the components described herein is maximized over
a wider number of samples. As a specific example, the instrument described herein may
require only one light source (or one light source component) for multiple samples. In
addition, the present teachings provide for the emission and detection of multiple colors
for multiplex PCR, and for the ability to give each fluorescent agent an intense specific
light color that more closely matches the fluorescent agent's peak light absorption
wavelengths. Further, detecting from the bottom of one or more samples as taught herein
may leave side walls of the sample tubes available for maximum heat flow/thermal control
and the top of the sample tubes available for simplified sample access. The multiple
module arrangement of the present teachings also allows for on-demand instrument
availability and increased sample throughput. The inclusion of multiple samples per
module allows for each sample to be given a nearly identical thermal profile to better

perform statistical comparisons of multiple samples.
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CA 02916990 2015-12-29

WO 2014/210593 PCT/US2014/044858

{out7] The thermocycler instruments of the {sachings herein follow the basic
principles of WQ/2000/105499 and U.S. Application Serial Nos. 12/918,684 (U5
Publication No. 2011/0030305) and 13/484 883 in that a sample block (8.9., a sample
holder) is sandwiched between opposing thermoelectric devices. The eachings,
however, address g number of new fealures for thermocycler instruments that
successfully and unexpectedly improve efficiency and operation of the instruments as
compared with instruments that do not employ such features. The teachings further
provide for thermocycler instruments that facilitate simulianesous amplification and
guantification of nucleic acids.

{0018] The mounting of the sample block between the thermoselectiic devices alivws
for more thermal uniformity within and among the sample bores {e.g., sample holder)
within the sample block for receiving samples. Specifically, precisely how the sample
block is mounted in betwesn the thermoelectric devices can greatly affect the variance of
temperatures experienced within each sample bore. Direct confact, indirect contact or
close proximity of any components 1o the silver block {with the exception of the
thermoelactric devices, thermal heat transfer compound, and/or thermal heat transfer
pacds) can cause temperature variance amaong the bores of the sample block. Contact
between the sample block and any other devices ¢an cause temperature vanance of
greater than 1°C or even greater than 3°C from one sample well to ancther or from one
partion of the well {o ancther portion of the same well. Locating the sample block such
that it is “floating” betweean the thermoelectric devices such that direct contact is between
the sample block and thermoelectric devices is limited, can result in improved uniformity.
For example, the varance between the sample bores can be less that 2°C or even less
than 1°0C. For example, in LLS. Patent No. 8,144,448 an opfical fiber is physically
connected fo the sample holder; this physical connection causes significant heat loss
and well-to-well temperature variations as heat travels from the sample holder through
the physical connection (¢ the optical fiber, and potentially down the gptical fiber, It the
“floating” sample holder design, the only contact {o the sample holder is the
thermoelectic devices and any heat transfer compounds or pads necessary 1o facilifate
heat transfer belween the sample helder and the thermoslectric devices. The sample
holder in the present invention is placed near the optical detection components in order
to minimize light loss; however, a ~0.084 mm air gap s placed between the sample
holder and any optical component in order to avoid conductive heat loss and related

thermal nan-uniformity issues caused by direct physical connections.
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{0019] The nature of the sample block being sandwiched between opposing
thermoelactric devices requires that samples located within the sample block receive
tight frony a light source from either above or below the sample holder, given the difficuity
with transmitling fight through the thermoelectic devices. As a further resull of the
sandwich design, detection must also occur from above of beneath the sample holder. #
is also possible that the fiber optics may be integrated into the sample block.

{0020] The device may ulilize a number of components. Preferably, a light source is
utitized within the instrument. The light source may be located within the instrument such
that it provides light through one or more optically clear portions of a tube in which a
sample is located. The light source may be located on a printed circuil board, The
printed circuit board may thus provide an electrical supply to the light source. The light
source may include one or more kight emitting diodes (LEDs). In the event that the
instrument contains more than one sample block, each sample block may include its
own light source. Each sample block may have multiple light sources, with one or more
light sources for each sample well or a shared light scurce among wells (e.g. one light
source optically connacted to two or more sample wells). Each light source may be
carried on a common substrate. Further, each light souwrce may include a plurality of
distinet lights such that each distinet light provides light at a different wavelength. As an
example, each sample block may mclude an array of LED highis, each array including
distinct lights at one, two, three, four, or more different wavelengths in order {o beller
maich the peak optical absorplion wavelengths of various flucrescent agents. in this
case, the LED light sources may be grouped underneath a farked fiber optic waveguide
such that one or more light sources enter the same fiber optic fork.  In this case, a
plurality of high power LEDs {of wavelengths typically covering the 400 nm to 700 nm
visible light region) may be groupsd together with the light generation diode region in an
area less than about 3 mm by 5 mm {an example of which is available from Philips
Lumileds Lighting Company under the designation Luaxeon Z). One such grouping may
include four Luxeon Z LEDs with wavelength peaks of approximately 477 .5 nm, 5225
am, 585.5 nm, and 685.0 nm. A second such grouping may include four Luxeon £ LEDs
with wavelength peaks of approximately 447.5 nm, 484.0 nm. 537.5 nm, and 635.0 nm.
One such grouping may include six Luxeon Z LEDs with wavelength peaks of
approimately 477.5 nm, 527.5 am, 532.5 nm, 588.5 nm, 630.0 nm, and 660.C nm {all
poaks +10 nm due to normal LED manufacturing variation). One such grouping may
include six Luxeon Z LEDs with wavelength peaks of approximately 477.5 nm, 527 .5 nm,



567.5 nm, 588.5 nm, 630.0 nm, and 660.0 nm (all peaks +10 nm due to normal LED
manufacturing variation). Two or more such groupings may be incorporated in each
module with each grouping having its own fork of the fiber optics waveguide and optionally
its own multi-band bandpass filter. Alternatively, each LED light source may include only
1 distinct light adapted to emit a plurality of different wavelengths. In this case, a plurality
of LEDs (each of different wavelength) may be encapsulated behind a single lens within
a single assembly (an example of which is available from LED ENGIN, Inc., under the
designation LZ4-00MAOQO). Each compact grouping or single assembly of LEDs may be
considered as a light emitting diode device.

[0021] The light source may be part of an assembly that includes a carrier having a
first surface and a generally opposing second surface. The light emitting diode may be
exposed via the first surface. One or more electrical contacts (e.g., pads) may be located
on or as part of the second surface and be in electrical communication with the diode. In
this manner, the pads may be applied to a substrate (e.g., by way of a soldering to a
printed circuit board). The upper surface may include one or more apertures through which
the light may be emitted from the LEDs. The upper surface may include one or more
conduits of a predetermined depth (e.g. about 1 mm, 2 mm, 3 mm, 4 mm, 5 mm or higher
)} that may be suitably adapted to connect in light transmission relationship with a wave
guide structure (e.g., a fiber optic structure). The conduits may be elongated and include
a longitudinal axis. They may be generally cylindrical. They may be at least partially
conical. They may include a generally round, oval, triangular, rectangular or other
polygonal cross-sectional profile relative to the longitudinal axis. They may have a wall
structure defining a passage in the conduit that has a taper (e.g., less than about 15, 10,
or even 5°, though tapers of at least 20, 30 or 45° are possible) relative to the longitudinal
axis.

[0022] The light source will typically include an exposed end through which light is
emitted. For each light source of a predetermined wavelength, the end may have an area
that is smaller than about 9 mm?, 6 mm?, or even 3 mm2. It may have an area that is larger
than about 0.5 mm?, 1 mm?, or even 2 mm?2. The emitted beam may have an emission
axis, and may exhibit a generally linear, rectangular, oval, circular, or other cross-sectional
profile relative to the emission axis.

[0023] The light source may exhibit one or any combination of performance
characteristic as set forth in the LUXEON™ Z Color and White LED Portfolio Technical
Datasheet DS105 20120916, pages 1 to 28, by Philips Lumileds, 2012 (without limitation,

Date Regue/Date Received 2021-01-08



pages 3 through 9, page 14-20, and 24 through 27). The light source may exhibit one or
any combination of structural characteristics as set forth in the LUXEON™ Z Color and
White LED Portfolio Technical Datasheet DS105 20120916, pages 1 to 28, by Philips
Lumileds, 2012 (without limitation, pages 10 through 13 and 21 through 23).

[0024] The light source may be a relatively high power light source which may provide
for more sensitive detection capability. As an example, the light source may be rated at a
total of 15 Watt, 30 Watt, or 40 Watts or more, although the light source may or may not
be operated at the maximum level. As a result of the high power of the light source, it may
be capable of dissipating heat. The light source may thus be in close thermal
communication with a heat sink, which may be located onto the printed circuit board. The
heat sink may be located beneath, and/or around the light source. The heat sink may
assist in dissipating heat from the light source.

[0025] An additional benefit of LEDs is that they use less power than other types of
light sources (e.g., compact fluorescent or incandescent bulbs) per unit of light generated.
LEDs also have improved durability as compared to other light sources. In addition, the
use of LEDs as the light source allows for compact packaging for insertion into small
spaces within the instrument. Preferably the packaging for the light source may be less
than 1 cm on each side, or even less than 0.8 cm on each side. The light source may be
a grouping of LEDs with the grouping being less than 1 cm on each side, or even less than
5 mm on each side. As a result, LEDs allow for effective output and performance from a
device that occupies minimal space. In one embodiment, the light source can be located
beneath the heat exchangers. In an alternative embodiment, the light source may be
located above the sample block. In the event that the fiber optics are flexible, the light
source may be located anywhere depending upon the arrangement of the samples and
the nature of the tubes containing the samples. The small packaging of the light source
assists in maintaining the small, lightweight and portable nature of the instrument.

[0026] The selected light source should be compact, compatible with any fiber optics
design, and sufficiently bright. In the event that LEDs are selected as the light source, it
may be beneficial for multiple LED elements to be located into a single housing. For
example, a single housing may include at least 4, at least 8, or even at least 12 LED
elements such as the LuxiGen family of LEDs available from LED Engin, San Jose, CA.
Any LED lens may be formed with a flat top for improved connection to any fiber optic
cable. Ultra-small LEDs may be utilized such as Luxeon Z LEDs, Phillips Lumileds Lighting
Company, San Jose, CA or XLamp LEDs from Cree, Morrisville, NC. These

Date Regue/Date Received 2021-01-08
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ultra-small LED's may be compactly groupsd together. A four-color LED grouping may
be utilized as the light source. An eight-color LED combination may be udilized as the
tight source.

{0027] The instrument may also include a device for datecting a reaction within a
sample. The delector may include a photodiotde array which issues & signal
proporticnally based upon intensdy of light H receives. An example of a pholodiode is the
Taos TSL 1402R, available from AMS-TADS USA Inc., Plano, TX. The detector may be
focated within less than about 10 nim, less than about & mm, or aven less than about 3
mm from an end of a waveguide to help avoid light from becoming diffuse. The detector
may be located in an isolated contained chamber so that it is not exposed 0 any other
light saurce and is insulated from heal generated by the rest of the instrument The
chamber may be formad as a surrounding wall structure that substantially insulates the
detector from other light. The detector may be formed as an individual array for each
sample or alternatively may be a single array subdivided info array portions that are
dedicated to individual samples. The detector may be formed as amays arranged in
elongated thin strips so that pixels of the arrays are aligned end to end. Each elongated
strip may include from about 25 o about 200 pixels {each being about 65 microns by 55
micronsg). The detector may be a bwo-dimensional amray of pixels such as with
complementary metal-oxide-semiconductor {CMOS) or charge-coupled device (CCD)
detector circuitry. Alternatively the photodiode array may consist of several larger
tndividual photodiode elements {about 1 mm x 1 mm, or about 3 mm x 3 mm) each with
one pixel per detection color. The detector may be an array of PIN photodiedes selected
to have a fast response time {about 10 ns), large spectral range {(covering at least
450 nm to 800 nm), large spechral response (at least 0.1 AW depending on
wavelength), and a smail dark current {about 2 nA) to give a rapid and strong optical
signal over the visible spectrum with minimal noise. One such PIN detector could be
PDB-C134 {Advanced Photonix, Camarifle, CA} The array of PIN photodiodes may be
arranged in @ small grouping {in an area of less than that of about a 15 mm circle) fo
keap the detection system compact.

{0028] Each detsctor {which may be an array) may monitor one, two, three, or more
samples al a time. Each deteclor may be adapted for moving from sample fo sample.
The detectors may be arranged {0 read more than one pixel at a time {from more than
one sample). The lime between the readings may affect sensitivity due to the entry of

fight. It may thus be desirable o complete readings as quickly as possible (e.g., less
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than about 0.5 milliseconds average per pikel per reading) to maximize sensitivity. 8
may be desirable to complete readings for each pixel in less than 0.1 second, or even
less than Q.01 seconds. It may be desirable fo have a final read over all pixels or
photediodes o complete in less than 1 second, less than 0.5 seconds, or even less than
0.25 seconds, i be able 1o precisely maich deteclion with sample temperature and {o
match detection speed with the speed of the PCR amplificalion progress.

{0029] Alternatively, the detector may include a spectrometer which may also require
the use of a prism device or optical diffraction grating to separate light according to
different wavelengths. The detector may also include a charge-coupled device or other
capacitor containing device or photomuttipiier tube,

{0030] The ability to excite one or more probes contained within a sample for testing
may be enhanced by employing one or more features for confrolling the light that is
directed to the sample holder from one or more light sources. For example, without
fimitation, as to light from one or mere Hght source, one or more features may be
smployed to attenuste, intensify, modulate, collimate, refract, reflect, diffract, or filter
such light or any combination of the foregoing.

{0031] {onsistent with the foregeing, the ahility to detect light fram one or more
excited probes contained within 3 sample may be enhanced by employing one or more
features for controlling the light that is emitted from the sample {(or at least one probe
therein). For example, without limitation, as to light from a sample, one or more features
may be employed o altenuate, intensify, modulate, collimate, refract, refiect, diffract, or
fitter such light or any cambination of the foregoing.

{D032] An approach that may be employed for enhancing transmission of hight for
excitation of one or more probe, for detecting fluorescence emitted by one or more probe
or both may involve the selection of a suitable filter arrangement. One or a combination
of two or more fillers may be emploved for this purpose. Selection of a filter for this
purpose may be based upon one or more desired attribute of the §iter.

[0033] The filter arrangement may include a filter wheel including at least one filfer
pair such that one filter in each pair is an emission filter and one filter in sach pairis a
detection filter. The instrument may be free of any filter that is both an emission filter and
a detection filter. Each filler may allow two or more bands of light wavelengths o pass.
The instrument may be free of any filters that aliow only a single band of light
wavelangth to pass. One of each #ilter pair may include one filter that is exclusively an

ermission filter and one filter that 18 exclusively a detection filter. The instrument may be
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free of any filers that are not exclusively emission fillers or detection filters. The number
of fiters may match exraclly the number of fluorophore classes detected by the
instrument. The nstrument may be free of any filters that must align with both an
amission light path and a detection light path. One or more filters may not align with both
an emission light path and a detection lght path. All Siters may not align with both an
emission light path and a detection light path.

{0034] in the context of detecting ight, # may be expected in some instances that a
filter is selected by which a significant amount of light of one or more predetermined
wavalengths is allowed transmission through the filter for affording a larger amount of
detectabie light for a detector. For example, i may be possible that one or more
absorptive filter is employed, such as a filter with an optical density {OD) value of about
4, 3, 2, 1 or lower. Successful results may be achieved by the use of one or more filters
having an QD value of greater than 4 (e.g, a value of QD §, OD 6, or QD 7). The
cumutative CD value of such fiters may be greater than 4 {e.g., a value of OD 5, 0D 8,
or QD7) The OD values are based upon ransmission values measured atl & wavelength
from about 400 nm to about 800 nm in accordance with a spectrometer according to
standard optical metrology transmission measurement techniques (often a3 custom
modified spectrometer is used to measure large optical densities, over about OD 4, and
to measure filters with sharp transitions in optical density as a function of wavelength).
[0035] The filters may be neutral density fillers. They may be uncoated. They may
be metallic coated. They may be made of optical quality glass, UV-grade quariz or some
other suitable material.

{D0386] One orf more interference filters may he employed for selectively allowing
fransmission of light within one or more predetermined range of wavelengths, while
reflecting light of other wavelengths. For example, one or more dichroic fillers may be
emploved. Examples of suitable dichroic fiters may exhibit one or more performance
characteristics including transmitting light from the LEDs at the excitgtion wavelength
range(s), and refleciing light at the fluorophore emission wavelength range(s) {or the
reverse of reflecting the excitalion light and transmitting the emissed light). An example
of a suitable dichroic filter employed herein is commercially available from Edmund
Optics, Barrington, NJ under the designation #67-055.

{0037] One of more filters may be emploved at one or more locations within a
system. One or more fillers may be employed between a source of light and a

waveguide {e.g., a fiber optic structure} through which the light is transmitied. One or
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more fillers may be employed between a light emitling portion of the waveguide {eg.,
fiber oplic structure) and the sample {(andfor holder within which the sample is
confained). One or more filters may be employed between the sample {and/or holder
within which the sample is contained) and any detecior,

{0038] One of more components of the system may have a filter assembled {o it
One approach may be to select matenials for the sample holders of the system herein by
which the material infrinsically filters one or more predetermined wavelength of range of
wavelengths.

{6039] One example of a filter that may be employed herein is a linear variable filter.
For example, such a filler may be employed in advance of a detecior of the system.
Anocther option that may be employed alone or in combination with a linear varable filter
may be to employ one or more bandpass filters or other filter. Examples of suitable
bandpass filters may exhibit one or more performance characteristics including a hard
coating, at least 80% transmission in the bandpass wavelength range, an oplical density
of at legst QD5 in the blocking wavelength ranges, a transmission band of approximately
18 nm to 150 nm (generally 19 nm {o 48 nm}, and a sharp transition {less than about 5
) between the transmitling wavelengths and the blocked wavelengths. Example
dualband bandpass filters may include amission filters with transmission regions of (A)
approximately 400 am to 494 nm and approximately 589 nm to 596 am; (B)
approximately 511 nm to 536 nm and approximately 813 nm to 844 nm; and {C)
approximately 340 nm 1o 559 nm and approximately 660 nm 1o 680 nm. Each of these
dualband filters have wavelengths that correspond generally to the peak wavelengths of
the high-powered LEDs. Example dualband bandpass fillers may include detection
filters with transmission regions of {A) approamately 505 nm fo 538 nm and
approximately 608 nm to 645 nam; (B) spproximately 549 nm to 568 nm and
approximately 652 nm o 679 nm,; and {C) approximately 572 nm fo 598 nm and
approximately 685 nm to 730 nm,

[0040] Any linear variable filter may be ulilized for filtaring light such that only light
having certain wavelengths can pass through the filter at different filter locations. As a
result, only light of a known wavelength may pass through the filter and 1o the detector
fe.g., specific pixels of an array} so that the light that is passing through is a
predetermined known wavelength for which only intensity needs o be measured for
each pixel in the detector. Examples of suitable linear variable fillers may exhibi one or
more performance charactanistics including a8 hard-coating, separation of light into a
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spactral range from about 450 nim o about 80O nim, average transmission of over 40%,
and an optical density of at least OD3.

{0041] As an alternative to the linear variable filler, a series of discrete bandpass
filters may be employed. The bandpass fillers may be lined in paraliel so that the
assembly aligns optically with the detector pixels. In this respect, this erubodiment can
be simply viewed as a lnear variable filler with discrete step-wise portions rather than
continuously variable.

{0042] As mentioned herein, the detector may be adapted to receive light from a
plurality of sources. For example, the detector may receive {e.g., detect) light from a
flucrescing sample and light reflected from the light source. Multiple fluorescing agents
with different emission wavelengths may be present in the sample. As such, it may be
necessary for the detector to be capable of differentiating different colors {e.g., light
emanating from different sources and fluorescing agents) so that the software can
differentiate data obtained from the fluorescing sample. As a resull, # may be beneficial
to include one of the fillers identified herein. Allernatively, a prism device or optical
diffusion grating may be utilized for prismatic separation of the light (which may require
detectors that will detect the difference between the ight fram one or more fluorescing
agents and the fight fram the light source sa that data from each can be separated).
[0043] As mentioned above, one possible approach is to employ a plural band
bandpass filter. The band amount can be selected to correspond generally with the
number of light sources of different wavelengths used for excitation of 2 sample. For
example, the employment of a quad-band bandpass filter (if a four light source is
employed) may be advantageous. Such a filler may be sized o be within a
predetermined size (e.g., covering an area that is only a portion of the total area of the
array that defines the detector). For example, a detector may include an aray of a
predetermined number of pixels adapted for detection. However, the filter may be sized
for affowing transmission of light o only a fraction of the pixels {e.g., less than about
75%, less than about 50%. less than about 259%, less than about 10 % or even less than
about 5% of the pixels) available for detection.

{0044 Ameng the various filter types thal may be employed herein are those such
as hot mirrors, heat absorbing glass, shoripass fillers, longpass filters, infrared cudoff
fitters, and wide bandwidih bandpass filters,

{ouds) Filters herein may have & first face, a genersily opposing (e.g., generally
paraliel} second face, and a periphery that typically spans between the first and second
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face. It is possible that one or more of any of the flters hereln may be at least parlially
encapsiuiated {e.g., about at least 3 portion of s periphery) by g matedal that differs
from the filter. One or more of any of the filters may include a suitable filter alignment
holder. Such hoider may be adapted to attach to one or more of the other components of
the system. For instance, the holder may be stzed and configured to receive ohe or more
filters, and may also include an attachment partion {8.¢g., as part of andfor adjoining a
peripheral portion of the holder) that includes suitable structure for altaching the holder
within the system. For example, the holder may be such that it can be positioned
between a light source and a sample hoider, between a sample holder and a detector, or
bath.

[0048] The waveguide may be arranged so that a terminal end interfaces with the
detector and will be shaped o coincide with the structure of the photodiode array as
discussed above. The instrument may include a manifold assembiy that connects with
the printed circuit board that carries the light source (e.g., the LEDs}, and includes
passages. These passages may allow for isolation of the individual light source
assemblies and may be adapted to receive the waveguide (e.g., fiber bundles).

{0047 The instrument may clude a housing for receiving the waveguide. The
housing may include an upper portion that s adapted to §if in bhebtween the heal
exchangers and o be aligned with (and located below) a sample holder. The housing
may include one or more projections for ailing i aligning the housing within the
nstrument. The housing may also include one of more mounting flanges to provide a
surface for attaching fo a cavity within the instrument. The housing may further include a
base portion having a cavity defined therein through which one or both fork porions of
the bifurcated waveguide {e.g., fiber oplic bundies} are passed, and which can receive a
resin for potting the waveguide. A bottom cover portion may be adapted to interface with
the detector and may be located above the printed circult board and detector located
thereon. One or more ports may also be formed along & surface of the housing so that
the one or more ports align with the light source. The light source may penetrate through
the ports or alternatively may remain adjacent to the ports without penetrating the ports,
There may be an optical filter {(such as a bandpass Siter) between the light source and
the penetraling porls.

{0048] Figs. 1-3 show views of exemplary gPCT modules as described herein. Fig. 1
shows a cutaway view of a gPCR module 8, Fig. 2 shows an exploded view of a gPCT

maodule 8. The housing for the ¢PCR module may include one or more cover portions for
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enciosing the entirety of the module. Alternatively, ong cover partion 64 {see Fig. 4) may
house and enclose a plurality of modules. A light blocking lid 56 may be included, in
addition to detection swiich 58 for notifying a user that the lid is open. An array of one or
more light sources 10 emit excitation light that travels along an excitation light path 12.
The light source array may consist of two rows of three LEDs {Innovations In Optics
and/or Philips Lumileds) in a first excitation light paltern 11, Each LED may emit a
different peak light wavelength selected to excile an array of different fluorophores in
one or more samples 32, One such grouping may include six Luxeon 2 LEDs with
wavealength peaks of approximately 477.5 nm, 527.5 nm, 532.5 nim, 588.5 nm, 8630.0 nm,
and 660.0 nm {all peaks 10 nm due to normal LED manwdacturing variation), A heal
sink 88 may be located adjacent the one or more light sources for any heat produced by
the light source 10. A friction fit lens holder 13 holds a first excifation doublet lens 14
which creates an exciiation light path which is approximately coliimated along the axds of
the excitation light path 12. One such first excitation doublet lens 14 may be from
Edmund Optics #40-858, #49-932, or g similar lens, Collimated light may be necessary
to achieve the optimum light filtering by the excitation filler 18 including filtering with
optical densities of over OD4 for undesirad light wavelengths, optical densilies of less
than 0.1 for desired light wavelengths, and a sharp transition between the desired and
undesired wavelengths. Excitation filter 16 has af least one waveband of light that s
allowed 1o pass through the filter. The start and stop wavelengths of the wavelength
bands are designed to work well with the ight sources 10 and the desired fluorophores
in pne or more samples 32. The use of a mulliband excitation filter 16 allows for muitiple
fluorophores {o be detected simullaneously. One or more single band or multiband
excitation filters 16 are attached to a movable filter wheel 18. The movable filter wheel
18 allows for one or more excitation filter 16 to be used to refine the wavelengths of light
that excites the flucrophores in one or more samples 32, The filler wheel is moveable
while the one or more samples 32 remain fixed. Example muliiband excitation fiiters
may include transmission regions of (A) approximately 400 nm to 484 nm and
approximately 569 nm to 596 nm; (B} approximately 511 nm fo 538 nm and
approximately 613 nm {o 844 nm; and (C} approximately 540 nm 0 5589 nm and
appraximatedy 660 nm to 680 nm.

{0049 The collimated filtered excitation light continues along the excitation beam
path 12 o 2 second doublet lens 20 which is held in place by another friction fit lens
holder 13. The second doublet lens 20 may be the same model as the first excitation
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doublet lens 14 or may be slightly modified 10 atfjust the focal ength such as Edmund
Optics #49-350. The second excitation doublet lens 20 refocuses the excitation light onto
an excifation plate 22. Due to symmetry and placement of the excitation doublst lenses
14 and 20, multiple individual light spots will shine on the excitation plate 22 in a second
emission light pattern 23 which 5 a roughly mirrored version of the first excitation light
pattern 11 of the light sources 10. An array of excitation fiber optic bundies 24 are
mounted flush with the excitation plate 22 and are centered on the individual light spots
on the excitation plate. The second doublet lens 20 is designed with a specific focal
fength and is placed at the proper distance from the excilation plate 22 such that the
excitation light is at an angle that is at or below the acceplance angle of the fiber oplics
in the bundles 24. The filtered excitation light travels through fiber oplic bundles in the
fiber optic manifold 26 {o sample alignment ports 28. The sample alignmeni ports 28
align the fiber optic bundles 24 underneath each and every sample 32 in a way that light
exits the fiber oplic bundiss 24 substantially along the vertical axis of the samples 32.
Samples 32 have an opiically fransparent bolfom end 33 which is designed to maximize
the amount of light transmitted through the bottom while minimizing the amount of light
that is reflected from the sample bottom. Each sample 32 has at least one fiber oplic
cable from each light spot on the excilalion plate 22. Thus each sample 32 can be
excited by sach light source in the light source array 10.

[0050] Each light in the light source array 10 can be individually controlled (to be set
full off, full on, or on & mulliple power levels) to provide mulliple different light colars,
Each excitation filter 18 in the movable filter holder 18 can pass at least one color
waveband., By selectively operating one or more of the light sources 10, and by
selectively moving the excitation light filters 16 into the excitation light path 12, multiple
fluoraphores can be optimaily excited in samples 32

{6051] The fluorophores in the sample 32 have a Stokes shift in which the
flucrophores emit light at a8 wavelength that is shiffed in wavelength from the light that
excited the fluorophore. The guantity of emitted light depends on the properties of the
chemicals in the sample 32, For example, the quaniity of emitted light may be
proportional to the amount of PCR-amplified DNA in the sample 32. As the sample
holder 30 undergoes temperature cycling, PCR may amplify the quantity of initial DNAIn
sample 32, Thus the progress of a process, such as PCR amplification, can be
monitared i the magnitude of the various emitted wavelengths can be dstected. The
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magnitude of that emitted fight and the correlation of that Hght magnitude 1o the PCR
cycle number can be used {0 measure the initial amount of DNA, if any, in the sample.
{0052] Some of the light emitted from at least one fluorophore in the sample 32 will
pass through the optically fransparent sample bottom end 33 and to the sample
alignment pords 28 at the botlom of the sample holder. A set of emission fiber optic
bundles 36 carries the emilted light from each sample through the fiber oplic manifold 26
along the detection side 34. Each of the emission fiber optic bundles 36 may be a set of
many small diameter optic fibers, or may comprise of a single large diameter optic fiber
of approimately 1 mm diameter. The emission fiber optic bundies 368 are mounted to an
emission plate 38§ which has holes in a first emission light patlern 39 {0 accept the
emission fiber optic bundles. The emitted light shines out of the emission fiber optic
bundies through emission light path 40. A doublet emission lens 42, held in place by lens
holder 13, forms the emission light into approximately collimated light along the axis of
the emission light path 40. At least one emission filter 44 is mounted to movable filter
holder 18, kach emission filter 44 may aliow one or more light wavebands {o pass with
high optical densily outside of the wavebands and low optical density within the
wavebands., The starting and stopping wavelengths are designed to 8Hler out stray
excitation light from light sources 10 which may reflect back from the samples 32, or any
other stray light such as infrared light generated by the thermally controlled samples or
other components of the gPCR module 8, while allowing for maximum transmission of
the expected emitted light from the fluorophores in the samples. Emission filters 44 are
aligned with excitation filters 18 on the movable filler holder 18 in order {o pair the
appropriate emission filter 44 with the approprigte excitaBion fiiter 168 for each
fluorophore. The light color(s) from the light source array 10, waveband{s) of excitation
filter 16, fluorophore(s) in sample 32, and waveband(s) of emission filter 44 comprise at
least one set which have been designed to work together to oplimize the signal to noise
ratio of the detected light emitted from the fluorophare, maximize the signal strength of
the desired fluorophore, and minimize the unwanied signails from other fluorophores in
the sample 32. Example multiband enussion filters may include transmission regions of
(A} approximately 505 nm o 538 nm and approximately 668 nm o 645 nm; (B)
approximately 549 nm o 568 nm and approximately 858 nm to 878 nm; and (C)
approximately 572 nm {0 588 nm and approximalely 695 nm to 730 nm.

[0053) The fitered collimated light is refocused by emission doublet lens 46 onto
photodinde array holder 48 with the resulting second emission light paftern 54 that
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approximately mirrors the a first emission light pattern 38 of emission fiber oplic bundles
36 in emission plate 38. The photodicde amray holder 48 is configured o hold gt least
one photodiode detector in a photodiode detector array 50 such that each photodicde
detector receives light which is almost exclusively from a different sample 32, If eight
samples 32 are used as shown in Figure 1, then at least eight photodicde detectors 50
may be used to detect light from sach sample simultaneously.

{0054] An additional photodiode detector 52 may be placed into the instrument near
the photodiode detector array 50 for purposes of providing & check on the ouiput of the
fight source 10. This additional photodiode detector 52 aligns with an additional light
check opening on {he emission plate 38, A light check fiber oplic bundie 37 is placed in
the emission plate 38 and then the light check fiber optic bundle passes through the fiber
optic manifold 26. Altematively, an additional photodiode detector $2 may he placed
near the fiber optic manifold 28, bypassing the emission light path 48 and associated
doublet emission lenses 42 and 46, in order to minimize the fight that might cross
contaminate the desired second emission light patfern 54. A hight blocker 82 may be
mncluded to prevent any light from outside the device from being detected inadvertently.
The light check fiber oplic bundle 37 splits info at least ane branch at the light check fiber
branch region 34. This ranched light check fiber optic bundle 37 goes {0 each individual
light spot on the excitation plate 22. Thus the light output of sach light sowrce 10 can be
detected individually by the additional photodiode detecior 52. The quantity of elecino
current that is used o operate the light scurces 10 can be adjusted © maintain a
constant light signal on the photodiode detector 52, Alternatively, the additional
photodiode detector 52 signal can be used fo adjust the optical read time for the
photodiode detector array 50 in order 1o maintain defection signal strength. This
adjustment can be done on an as-needed basis to adjust for differences in light output
and to adjust for detection strength which may both vary with age, use, and temperature.
[0055] As o all of the foregoing general teachings, as used herein, unless otherwise
stated, the teachings envision that any member of a genus {list) may be excluded from
the genus, andior any member of a Markush grouping may be excluded from the
grouping,

{0056] Unless otherwise stated, any numerical valuas recited herein include all
values from the tower value to the upper value in increments of one unit provided that
there is g separation of at least 2 units between any lower value and any higher valus.
As an example, if it is stated that the amount of a component, a property, or g value of a
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process variable such as, for example, temperature, pressure, time and the like is, for
example, from 1 to 90, preferably from 20 to 80, more preferably from 30 to 70, it is
intended that intermediate range values such as (for example, 15 to 85, 22 to 68, 43 to
51, 30 to 32 etc.) are within the teachings of this specification. Likewise, individual
intermediate values are also within the present teachings. For values which are less than
one, one unit is considered to be 0.0001, 0.001, 0.01 or 0.1 as appropriate. These are
only examples of what is specifically intended and all possible combinations of numerical
values between the lowest value and the highest value enumerated are to be considered
to be expressly stated in this application in a similar manner. As can be seen, the teaching
of amounts expressed as “parts by weight” herein also contemplates the same ranges
expressed in terms of percent by weight. Thus, an expression in the Detailed Description

3

of the Invention of a range in terms of at “x’ parts by weight of the resulting polymeric

blend composition” also contemplates a teaching of ranges of same recited amount of “x”
in percent by weight of the resulting polymeric blend composition.”

[0057] Unless otherwise stated, all ranges include both endpoints and all numbers
between the endpoints. The use of “about” or “approximately” in connection with a range
applies to both ends of the range. Thus, “about 20 to 30” is intended to cover “about 20 to
about 307, inclusive of at least the specified endpoints. Concentrations of ingredients
identified in Tables herein may vary £10%, or even 20% or more and remain within the
teachings.

[0058] The term “consisting essentially of’ to describe a combination shall include the
elements, ingredients, components or steps identified, and such other elements
ingredients, components or steps that do not materially affect the basic and novel
characteristics of the combination. The use of the terms “comprising” or “including” to
describe combinations of elements, ingredients, components or steps herein also
contemplates embodiments that consist essentially of, or even consist of the elements,
ingredients, components or steps. Plural elements, ingredients, components or steps can
be provided by a single integrated element, ingredient, component or step. Alternatively,
a single integrated element, ingredient, component or step might be divided into separate
plural elements, ingredients, components or steps. The disclosure of “a” or “one” to
describe an element, ingredient, component or step is not intended to foreclose additional
elements, ingredients, components or steps.

[0059] It is understood that the above description is intended to be illustrative and not

restrictive. Many embodiments as well as many applications besides the examples
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provided will be apparent to those of skill in the art upon reading the above description.
The scope of the invention should, therefore, be determined not with reference to the
above description, but should instead be determined with reference to the appended
claims, along with the full scope of equivalents to which such claims are entitled. The
omission in the following claims of any aspect of subject matter that is disclosed herein is
not a disclaimer of such subject matter, nor should it be regarded that the inventors did

not consider such subject matter to be part of the disclosed inventive subject matter.
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What is claimed is:

1. An instrument for performing polymerase chain reaction with real-time detection
comprising:

a. a sample holder configured to receive one or more samples that each have at least
one portion that is optically transparent, and that receives a biological sample comprising a
nucleic acid to be amplified and at least one fluorescing agent that interacts with the nucleic acid
during amplification and that emits light upon excitation by light of a known wavelength;

b. at least one light emitting diode device that is carried on at least one support substrate
and is in electrical communication with a power source, and is adapted to emit light along an
excitation path;

c. at least one photodiode detector adapted to issue signals based upon intensity of light
it receives; and

d. a filter wheel including at least one filter pair such that one filter in each pair is an
emission filter and one filter in each pair is an excitation filter, the filter wheel being configured to
be moved relative to the at least one light emitting diode device to selectively align the excitation
filter to be within the excitation path of the at least one light emitting diode device;

wherein the detector reads the fluorescence emitted by the fluorescing agent in less than

0.25 seconds.

2. The instrument of claim 1, wherein the detector reads the fluorescence emitted by the

fluorescing agent in less than 0.1 seconds.

3. The instrument of claim 1, wherein the detector reads the fluorescence emitted by the

fluorescing agent in less than 0.01 seconds.

4. The instrument of claim 1, wherein the sample holder is sandwiched between

opposing thermoelectric devices.

5. The instrument of claim 1, wherein the light emitting diode device is adapted to emit

light at a plurality of different wavelengths.

6. The instrument of claim 1, wherein each filter allows two or more bands of light

wavelengths to pass.
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7. The instrument of claim 1, wherein the instrument simultaneously detects light at

multiple wavelengths.

8. The instrument of claim 1, wherein the filter wheel is configured such that alignment of
the excitation filter in the excitation path further aligns the emission filter to be within an

emission path of light emitted from the at least one fluorescing agent.

9. The instrument of claim 1, wherein the at least one light emitting diode device
comprises a plurality of light emitting diode devices, the plurality of light emitting diode devices

stationary with respect to the filter wheel.

10. The instrument of claim 9, further comprising a first excitation lens disposed within

the excitation path, the excitation lens stationary with respect to the filter wheel.

11. The instrument of claim 12, further comprising a second excitation lens disposed
within the excitation path, the second excitation lens disposed on an opposite side of the filter

wheel as the first excitation lens.

12. The instrument of claim 11 wherein the plurality of light emitting diode devices emit
light in a first excitation light pattern, the light passing through the first excitation lens, the
excitation filter, and the second excitation lens to produce a second emission light pattern, the

second emission light pattern being mirrored to the first excitation light pattern.

13. The instrument of claim 12, further comprising an array of fiber optic bundles, each
of the fiber optic bundles having a first end aligned with a light spot of the second emission light

pattern and a second end aligned with at least one of the samples.

14. The instrument of claim 13, wherein each fiber optic bundle includes at least one

fiber optic cable with a second end aligned with each of the samples.

15. The instrument of claim 11, further comprising first and second emission lenses
disposed within an emission path of light emitted from the at least one fluorescing agent, the
first and second emission lenses stationary with respect to and disposed on opposite sides of

the filter wheel.
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