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The present invention relates to detecting nucleic acid (DNA or RNA) amplification,
and more particularly to real-time monitoring of multiple nucleic acid amplification reactions,
simultaneously. The invention also relates to a method for using the accumulated data to
quantitate the starting concentration of a target nucleic acid sequence provided in one or more
i 5 of the mixtures and monitor the effect of amplification reaction conditions on the reaction

_kinetics.

Various methods for detecting nucleic acid amplification are known. A number of
assays are known which quantitate the number of starting DNA templates in a polymerase
chain reaction (PCR), for example. Some involve the measurement of PCR product at the
10 end of temperature thermal cycling and relate this level to the starting DNA concentration.
Such an "endpoint" analysis, as has been 'typicailly done using PCR, reveals the presence or
absence of target DNA but generally does not provide a usable measure of the starting
- number of DNA targets.

Other assays involve the use of a competitor amplification product whose template is
15 added at known concentration to the reaction mixture before thermal cycling. In competitor-
product protocols, an aliquot of the amplification is examined by gel-electrophoresis. The
 relative amount of target-specific and competitor PCR product is measured; this ratio is used
to calculate the starting number of target templates. The larger the ratio of target-specific
product to competitor-specific product, the higher the starting DNA concentration.

20 In addition to requiring "downstream"” processing, such as hybridization or gel
electrophoresis, these other assays are more limited in dynamic range (i.e., sensitivity to a
range of target nucleic acid concentrations). In compeutor assays, the sensitivity to template
concentration differences is compromised when either the target or added competitor DNA is
greatly in excess of the other. The dynamic range of assays that measure the amount of end

%5  product can also be limited in that at the chosen number of cycles some reactions may have
reached a "plateau” level of product. Differences in starting template levels in these reactions
are therefore not well reflected. Furthermore, small differences in the measured amount of
product result in widely varying estimates of the starting template concentration, leading to -
great inaccuracy due to variable reaction conditions, variations in sampling, or the presence

30 of inhibitors. Aty TS
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' Any assay intended for large-scale (e.g., clinical) use should not only be reliable, but
10 should be simplified as much as possible in order to facilitate its automation. Thus, there is
a need for an apparatus and method for collecting data indicative of nucleic acid amplification
that can be used, for example, to quantitate sample starting concentrations and optimize
reaction conditions, that provides reliable results and is suitable for automation.

The aim of the present invention is to provide a nucleic acid amplification detection
15 method and apparatus which makes possible to monitor the amplification of multipie
amplification reaction mixtures, simultaneously in real-time, and which thereby makes
possible to overcome the problems and disadvantages of the prior art. '

According to the invention this aim is achieved by providing an apparatus that is
characterized in that it comprises: -
20 a thermal cycler including a heat conducting member having multiple recesses formed
therein; and
a sensor arranged for detecting light emitted from said recesses, simultaneously.

In a preferred embodiment the apparatus according to the invention it further comprises
a light source optically coupled to said thermal cycler and arranged to distribute light over a
25 portion of said heat conducting member having a plurality of said recesses formed therein.

In another preferred embodiment of the apparatus according to the invention said
recesses of the heat conducﬁng member of the thermal cycler are formed through 2 surface
thereof for receiving reaction vessels containing a nucleic acid amplification reaction
mixtures; and said sensor is an imaging device optically coupled to said heat conducting

30 member for generating an image of said surface and reaction vessels when said vessels are
disposed in said recesses of the heat conducting member.

In a further preferred embodiment of the apparatus according to the invention said heat

F conducting member of the thermal cycler has multiple recesses formed therein and adapted
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In a further preferred embodiment of the apparatus according to the invention said heat
conducting member of the thermal cycler has multiple recesses formed therein and adapted
for receiving nucleic acid amplification reaction mixtures including a nucleic acid sequence
and a fluorescent binding agent and the apparatus further comprises _

a housing positioned over said heat conducting member and being coupled to said
thermal cycler; | |

a light source arranged to emit light in said housing;

a sensor arranged in said housing; and _

a dichroic mirror positioned in said housing and above said recesses, said dichroic
mirror being transmissive to light having a wavelength corresponding to the wavelength of
lLight gcneréwd by the excitation light source and reflective to light having a wavelength
corresponding to the wavelength of fluorescence emitted from a nucleic acid amplification
mixture, including a fluorescent binding agent, when that mixture is disposed in one of the
recesses formed in the heat conducting member and exposed to light from the excitation light

source, said mirror be oriented to form an optical path between said recesses and said
Sensor.

In one embodiment of the apparatus according to the invention, a CCD-camera detects
the accumulation of double-stranded DNA (dsDNA) in each of multiple polymerase chain
reactions, simultaneously, using the increase in the fluorescence of a detectable fluorescent
dye initially introduced into each amplification reaction mixture. The fluorescence results
from the fluorescent dye binding duplex DNA. This embodiment advantageously eliminates

the need for fiber-optic leads and the accompanying problems associated with coupling the
fiber-optics to the individual reaction mixtures.

According to another aspect of the invention, the optical system that moves excitation
light from a source to the multiple reaction mixtures being amplified in a thermal cycler,
which forms part of the apparatus, is configured to provide excitation light to the reaction
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®f inhibitors. Optim zation of PCR conditions typically is
cconpl i shed by neasuring the effect of =~ different conditions on the final
ield and specificity of PCR product In order to obtain information
hroughout . anplification, many replicate samles are placed in a thermal -
ycler so that each can be renoved fromthe thermal cycler at a different
enper at ur e ByAEES imy gmform manner. That is, the optical system permits excitation light to be

essentially umformly distributed over the thermal cycler heat exchanger so that each
amplification reaction mixture receives essentially the same amount of excitation light.

With this apparatus, the fluorescence data can be collected and used to quantitate the
5 initial amount of target nucleic acid sequence. In a preferred method for quantitation,

multiple amplification reaction mixtures are provided. One amplification reaction mixture
has an unknown concentration of a specific nucleic acid sequence. The other reaction
mixtures include the same specific nucleic acid sequence in differing but known
concentrations. The amplification reaction mixtures of known and unknown nucleic acid

10 concentration are thermally cycled in parallel for multiple cycles. The fluorescence emitted
from the reaction mixtures is monitored in real time and the number of cycles necessary for
each reaction mixture to fluoresce at a certain intensity value determined. The number of
cycles necessary for the mixture of unknown nucleic acid concentration to reach that value is
compared to the number of cycles necessary for the mixtures of known nucleic acid

15 concentration to reach that value to obtain the initial quantity of said specific nucleic acid
sequence in the mixture of unknown concentration.

Tt has been found that sensitivity to a range of target nucleic acid concentration of at
least six orders of magnitude is possible because the amplifications are monitored in real-
time. In addition, sensitivity to as few as 100 ssDNA templates in the background of

20 40,000 cell-equivalents of complex genomic DNA can be obtained.

The invention further advantageously provides a way to process the fluorescence data
to reliably analyze the effect of different reaction conditions on the amplification kinetics.
Since multiple amplifications can be monitored simultaneously, the effect of many different
‘# reaction variables can be assessed rapidly. This is useful in optimizing amplification
25 reactions for optimum yield and efficiency.

Real-time monitoring also gives the advantage of detecting instances of partial

inhibition of PCR, which can greatly affect the ability to quantitate accurately. As shown in
Fig. 10D, these instances can be detected by their reaction profile so that these samples can
be repurified and tested again. In addition, instances of total inhibition, which might

30 otherwise lead to the false conclusion that there is no nucleic acid target in a sample, can be
detected in that there is the expectation that given enough cycles, even PCRs without target
DNA will produce fluorescence that is due to nonspecific amplification products. If such
fluorescence is not seen by the expected cycle, the presence of inhibitors can be inferred.

A further advantage of the present invention is that the need for additional time-
.35 consuming manipulations to determine the yield of many reactions at the end of the

———————
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significant amount of space which, in tun, may -=quire an entire darkroom to be allocated to

10 the apparatus. However, many clinical laboratoes do not have darkrooms or additional
space to allocate to constructing a darkroom. Axzough X-ray rooms, which can readily be
found in clinical iaboratoﬁes, can provide a suitthie environment for the optical paths of the
excitation light and fluorescence emissions, the space in these rooms is essentially
completely allocated to X-ray equipment.

15 According to a further embodiment of the present invention, an excitation light and
fluorescence sensing configuration is incorporazd into the apparatus so that the optical paths
of the excitation light and fluorescence emissiors can be folded to make the apparatus more
compact and to simplify enclosing the optical pezhs in a light-tight environment. In this
manner, the apparatus can be readily used on the bench without the need of a darkroom.

20 According to this embodiment, the apparatus for monitoring multiple nucleic acid
amplifications simultaneously includes a therme! cycler having a heat-conducting member
that includes multiple recesses formed therein for receiving nucleic acid amplification
mixtures. A housing is positioned over the hear-conducting member so that a light-tight
chamber is formed. A light source is arranged to emit light in the housing chamber to excite

25 amplification mixtures disposed therein. A dichroic mirror is positioned in the housing and
above the recesses. The dichroic mirror is transmissive to light having a first wavelength and
reflective to light having a second wavelength that differs from the first wavelength. In the
preferred embodiment, the mirror is a low pass dichroic mirror. The mirror is constructed
such that it is transparent or transmissive to light having a wavelength corresponding to the

30 wavelength of light generated by the light source and reflective to light having a wavelength
corresponding to the wavelength of flucrescence emitted by the amplification mixtures when
exposed to the excitation light. Alternatively, a high pass dichroic mirror can be used. In
that case, the mirror is reflective to light corresponding to the wavelength of light generated
by the light source and transparent or transmissive to light having a wavelength

3 corresponding to the wavelength of fluorescence emitted by the amplification mixtures when
exposed to the excitation light. A sensor also is arranged in the housing for sensing
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emissions to take up a relatively small amount of space. The compactness of this
arrangement facilitates encloSing the optical paths in the housing, which is coupled to the
thermal cycler to effectively form a light-tight chamber or darkroom for the excitation and
10 amplification mixture emission light. In this manner, the apparatus can be used most
anywhere, without the need for dedicating a darkroom to the apparatus. The housing further
- advantageously prevents extraneous light, such as light emitted from monitors used with the
¢ apparatus and LED's associated with the thermal cycler and computer equipment, from
reaching the sensor.

5 A further advantage of having the sensor positioned very close to the heat conducting
member in which the nucleic acid amplification mixtures are to be disposed is that sensitivity
requirements of the sensor can be reduced. Since the sensor is moved closer to the heat-
conducting member, the intensity of the light that is emitted from the reaction mixtures and
reaches the sensor increases. Accordingly, when using a CCD camera type sensor, as in the

20 preferred embodiment, a less expensive CCD camera with acceptable low light response and
low thermal noise can be substituted for a relatively expensive, cooled CCD camera which is |
generally required when sensitivity requirements are greater.

The close proximity of the light source to the reaction mixture recesses also provides
éb advantages. By moving the light source closer to the reaction mixture recesses, the intensity
25 of the excitation light, which reaches the reaction mixtures that are placed in the recesses,

increases, thereby increasing the intensity of the fluorescence emissions. In this manner,
smaller concentrations of the target sequence can be detected at an earlier stage of thermal
cycling. In addition, some of the increased fluorescence can be traded for better wavelength
resolution by using a filter with a more narrow band pass. In this manner, a broader range
30 of wavelengths can be detected and labels with very close wavelengths can be distinguished.

According to another aspect of this embodiment, a shutter is coupled to the light source
to intermittently expose the reaction mixtures to the excitation light. Preferably, the shutter is
timed to expose the mixtures to the excitation light during the annealing/extension phase
where maximum fluorescence generally can be exhibited. This configuration reduces the

35 mixture or sample exposure to the excitation light, which can be very intense due to its close.
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system performance by increasing sample stability. Otherwise the intense excitation light can
cause photo-deactivation of the sample which is commonly known as "bleaching”.

5 According to a further aspect of this embodiment, a field lens is positioned between the
dichroic mirror and the sensor to minimize parallax across the field therebetween.

A further advantageous feature of the invention involves a heated window which is
provided immediately above the heat-conducting member and can actually be placed on the
- tubes containing the amplification mixtures. The heated window prevents heat loss from the
10 reaction tubes, helps maintain the desired thermal cycling temperature profiles of the
mixtures and minimizes reflux, while permitting the transmission of light therethrough.
According to the preferred embodiment, the heated window is maintained at the denaturation
| temperature which is generally about 95-105°C.

A filter or wheel of filters preferably is coupled to the sensor so that the sensor can
15 selectively detect light of different waveléngths. The filter(s) also can prevent excitation light
from reaching the sensor. By using a plurality of filters, which can be arranged on a filter
wheel, the filter can be readily changed during a particular annealing/extension phase, for
example, so that emissions of different wavelengths, for example, from different
~ homogeneous nuclease probes (described below), can be monitored. Different emission
20 wavelengths and, thus, nucleic acid sequences in a given sample can be monitored and the
presence of the target sequence determined.

In addition, the high sensitivity of the system permits very accurate detection of

?’ fluorescence that is produced using a homogenous assay system such as that described in

' U.S. Patent No. 5,210,015 to Gelfand et al. which is hereby incorporated herein by

25 reference. This assay system uses the 5' to 3' nuclease activity of a nucleic acid polymerase
to cleave annealed, labeled oligonucleotides from hybridized probe target duplexes and |
release labeled oligonucleotide fragments for detection. This assay is particularly useful for
detecting multiple nucleic acid iargets in the same amplification reaction mixture. Such
probes also are useful in confirming target nucleic acid presence when there are nonspecific

30 amplification products.

The homogenous assay uses such a probe whose fluorescence is normally quenched
by fluorescence energy transfer, or FET, to a second label. The 5' nuclease activity of the
DNA polymerase separates the fluorophore from the probe and quencher, disrupting the
FET and restoring the fluorescence. No processing is required to detect this change, which
35 may be seen usmg the monitoring apparatus of the present invention that i incorporates the
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The term "amplification reaction mixture" refers to an aqueous solution comprising the
various reagents used to amplify a target nucleic acid. These include enzymes, aqueous
buffers, salts, amplification primers, target nucleic acid, and nucleoside triphosphates.

10 Depending upon the context, the mixture can be either a complete or an incomplete
¢ amplification reaction mixture.

The term "primer” refers to an oligonucleotide capable of acting as a point of initiation
of DNA synthesis when annealed to a nucleic acid template under conditions in which
synthesis of a primer extension product is initiated, i.e., in the presence of four different

15 nucleotide triphosphates and a DNA polymerase in an appropriate buffer (pH, ionic strength,
cofactors, etc ) and at a suitable temperature.

The term "templatc" referstoa portion of the target nucleic sequence to which the
primer anneals. :

The above is a brief description of some deficiencies in the prior art and advantages of
20 the present invention.

skilled in the art from the following description, accompanying drawings and appended

{-? Other features, advantages and embodiments of the invention will be apparent to those
claims.

Fig. 1 graphically shows continuous, real-time monitoring of a PCR;

25 Fig. 1A is an enlarged view of the area within line 1A in Fig. 1;

'Fig. 2 is a perspective view of the amplification apparatus in accordance with the
principles of the present invention;

Fig. 3 is an enlarged section of the thermal cycler of Fig. 1 to show the thermal cycler
heat exchanger block and cover therefor;

Fig. 4 is a block diagram of the apparatus shown in Fig. 2;

Fig. 5 shows examples of digiﬁzéd images of multiple reaction mixtures;

Fig. 6 illustrates a selected pixel array for averaging to obtain a single fluorescence
value; '
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Figs. 10A-D represent the effect of changes in reaction conditions;

Figs. 11-13 are simplified flow charts of the steps for obtaining the fluorescence
10 values;
Fig. 14 is a perspective view of the amplification apparatus of the present invention
illustrating a further embodiment of the excitation light and emissions/fluorescence detector
" arrangement in partial section; and
| Fig. 15 is an enlarged view of the excitation light and emissions/fluorescence detector
15 arrangement of Fig. 14 in partial section;
Fig. 16 shows a transmissivity v. wavelength curve that is representative of a d1chrmc
mirror constructed in accordance with principles of the present invention; and
Fig. 17 is a top view of a heating window for the upper portion of the reaction mixture
containing vessels according to the present invention.

20 The present invention involves nucleic acid amplification and the detection, monitoring
and quantitation of amplification products. In order to facilitate understanding of the
amplification data collection and processing system of the present invention, a summary of
nucleic acid amplification processes especially suited for use in conjunction with the
invention will first be discussed.

? 25 Those of skill will recognize that the present invention requires amplification of the
duplex form of nucleic acid. There exist well-known methods for amplifying nucleic acids.
The means for amplification are not critical and this invention will work with any method
where nucleic duplexes are generated. The various methods are reviewed in Bio/Technology
8:290-293, April 1990, incorporated herein by reference. They include, but are not limited

30 to PCR, LCR, QB and 3SR. Although 3SR and QB do not involve thermal cycling, the
result of their amplifications can be monitored by the fluorescence detecting arrangement
discussed below and analyzed in accordance with the principles of the present invention.
Each method is briefly described below.

PCR amplification of DNA involves repeated cycles of heat denaturing the DNA,
35 annealing two oligonucleotide primers to sequences that flank the DNA segment to be
ampliﬁcd and extending the annealed primers with DNA polymerase. The primers
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=t he reacti the exponential accumulation of the specific target fragment, at a rate of approximately 2n per

g . 5 cycle, where n is the number of cycles. A complete review of this technology can be found

5 in PCR Technology: Principles and Applications, Ed. Erlich H.A., Stockton Press, New

York 1989,

Tag DNA polymerase is preferred when PCR is used in conjunction with the present -

invention although this is not an essential aspect of the invention. Tag polymerase, a

10 thermostable polymerase, is active at high temperatures. Methods for the preparation of Taq
are disclosed in U.S. Patent No. 4,889,818 and incorporated by reference. However, other
thermostable DNA polymerases isolated from other Thermus species or non-Thermus
species (e.g., Thermus thermophilus or"Ihermotoga maritima), as well as non-thermostable
DNA polymerase such as T4 DNA polymerase, T7 DNA polymerase, E. coli DNA

15 polymerase I, or the Klenow fragment of E. coli, can also be used in PCR. Methods for
providing thermostable DNA polymerases are provided in International Patent Applications
with publication Nos.WO-A- 91/09950 and '
WO-A- 92/03556, which are both incorporated herein by reference.

The ligase chain reaction is described in International Patent Application with
20 publication No. WO 89/09835, which is incozporated herein by reference. The process
involves the use of ligase 10 join oligonucleotide segments that anneal to the target nucleic
acid. Ligase chain reaction (LCR) resuits in amplification of an original target molecule and
can provide millions of copies of product DNA. Consequently, the LCR results in a net
increase in double-stranded DNA. The present detection methods are applicable to LCR, as
. 25 well as PCR. LCR typically requires some means for detecting the product DNA such as an
oligonucleotide probe. When used in conjunction with the disclosed methods for detecting
amplification products, such means are unnecessary, and the LCR result is immediately
detectable.

Another amplification scheme, Q-beta replicase, exploits the use of the replicase from
30 the RNA bacteriophage QB. In this amplification scheme, a modified recombinant
bacteriophage genome with a sequence specific for the targeted sequence is initially ligated to
the nucleic acid to be tested. Following enrichment of the duplexes formed between the
bacteriophage probe and the nucleic acid in a sample, QB replicase is added, which, upon
recognizing the retained recombinant genome, begins making a large number of copies.
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The 3SR system is a variation of an jin vitro transcription-based amplification system.
A transcription-based amplification system (TAS) involves the use of primers that encode a
promoter sequence as well as a complementary sequence to the target strand to generate
DNA copies of a target strand and the production of RNA copies from the DNA copies with
an RNA polymerase. See, e.g., Example 9B of U.S. Patent No. 4,683,202 and European
Patent Application with publication No.
EP-A- 0 310,229. The 3SR System is a system which uses three enzymes to carry out an
isothermal replication of target nucleic acids.

The system begins with a target of single-stranded RNA to which a T7 RNA DNA
primer is bound. By extension of the primer with reverse transcriptase, a cDNA is formed,
and RNAseH treatment frees the cDNA from the heteroduplex. A second primer is bound to
the cDNA and a double-stranded cDNA is formed by reverse transcriptase treatment. One
(or both) of the primers encodes a promoter, e.g., the promoter for T7 RNA polymerase, so
that the double-stranded cDNA is a transcription template for RNA polymerase.

Transcription competent cDNA's yield antisense RNA copies of the original target.
The transcripts are then converted by the reverse transcriptase to double-stranded cDNA
containing double-stranded promoters, optionally on both ends in an inverted repeat
orientation. These DNASs can yield RNAs, which can reenter the cycle. A more complete
description of the 3SR system can be found in Guatelli et al., 1990, Proc. Natl. Acad. Sci.
USA 87:1874-1878, and European Patent Application with publication No. EP-A- 0 329
822, both of which are incorporated herein by reference. The TAS system is also described
in Gingeras et al., in Innis et al. eds, 1990, PCR Protocols, Academic Press, San Diego,
which is incorporated herein by reference.

According to the present invention, nucleic acid amplification is monitored by detecting
fluorescence emitted when fluorescent dye such as an intercalating fluorescent dye, provided
in the reaction mixture, binds with the double-stranded nucleic acid during each
annealing/extension phase as the mixture is cycled between two temperatures (thermal
cycling).
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use in }ixedfl)' ];o nucltease assay disclosed in U.S. Patent No. 5,210,015 are also useful in
the present invention. Suitable donor fluorophores and quenchers are chosen such that the
emission spectrum of the donor fluorophore overlaps with the absorption spectrum of the
quencher. Ideally, the fluorophores should have a high Stokes shift (a large difference
between the wavelength for maximum absorption and the wavelength for maximum
emission) to minimize interference by scattered excitation light.

Suitable labels which are well known in the art include, but are not limited to,
fluoroscein and derivatives such as FAM, HEX, TET, and JOE; rhodamine and derivatives
such as Texas Red, ROX, and TAMRA,; Lucifer Yellow, and coumarin derivatives such as
7-Me2N-coumarin-4-acetate, 7-OH-4-CH3-coumarin-3-acetate, and 7-NH2-4-CH3-
coumarin-3-acetate (AMCA). FAM, HEX, TET, JOE, ROX , and TAMRA are marketed by
Perkin Elmer, Applied Biosystems Division (Foster City, CA). Texas Red and many other
suitable compounds are marketed by Molecular Probes (Eugene, OR). Exainples of
chemiluminescent and bioluminescent coinpounds that may be suitable for use as the energy
donor include luminol (aminophthalhydrazide) and derivatives, and Luciferases.

Referring to Fig. 1, a fluorescence trace indicative of DNA amplification for a single
polymerase chain reaction (PCR), which involves cycling the temperature of the reaction
mixture between two temperatures, €.g., 94°C and 50°C, is shown. The reaction mixture
included an intercalating fluorescent DNA binding dye, ethidium bromide (EtBr), which
intercalates, or binds, the double-stranded PCR products and fluoresces during each
annealing/extension phase of the reaction. Consequently, the resulting fluorescence
increases as the amount of double-stranded DNA increases. As illustrated in Fig. 1,
fluorescence intensity rises and falls inversely with temperature. The fluorescence intensity
is minimum at the denaturation temperature (94°C) and maximum at the annealing/extension
temperature (50°C). Thus, the fluorescence intensity at 50°C shows a cycle-dependent
increase reflecting an increase in the amount of double-stranded DNA. When the thermal
cycler returned to 25°C, after the 30 cycles were completed, the fluorescence increased to a
final value greater than three times the initial fluorescence value at 25°C. On the other hand,
the fluorescence minima at the denaturation temperature do not significantly increase,

presumably because at this temperature there is no dsDNA for EtBr to bind.
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f the 1. Since the signal generated by the binding agent can be detected without having to open
the reaction tube, the signal can be monitored throughout before, during, and after

10 amplification process.

The apparatus for detecting a single PCR and providing the data in Fig. 1 was set up
as follows: a Spex-Fluorolog-2 fluorometer with a fiber-optic accessory (Spex Catalog No.
1950) was set to emit excitation light at 500 nm with a bandwidth of approximately
3.4 nm. A GG 435 nm cut off filter was used to exclude second order light (Purchased
15 from Melles Grist Inc.). The emission light was detected at 570 nm with a bandwidth of
approximately 13.6 nm. A OGS530 filter (530 nm cut off) was used to remove excitation

light.

The reaction tube, a 0.5 ml polypropylene tube, contained 60 ng human male DNA.
The top of the tube was cut away for attaching the fiber-optic cable. The fiber-optic cable
20 was glued to the top of the reaction tube with epoxy. The emission light was collected
through the oil overlay in the tube. A black "shroud" was built around the tube and the
reaction was placed in the thermal cycler. The thermal cycler was programmed to cycle
between 94°C and 50°C for 1 minute each, for 30 cycles, followed by continuous
incubation at 25°C. The fluorometer and thermal cycler were started simultaneously. The
? 25 parameters of the fluorometer were: time-based scan with 5 second integration time; the
emission signal was ratioed to that of the excitation light to control for changes in source
intensity.

In accordance with the present invention, an apparatus is provided for real-time

detection of the amplification of multiple amplification reaction mixtures, simultaneously.

30 Each reaction mixture contains a target nucleic acid sequence. Thus, using a thermal cycler
(e.g., a thermal cycler commercially available from Perkin Elmer Cetus Instruments) having
a heating and cooling block capable of holding up to 48 reaction tubes, for example, 48
amplification reactions can be carried out and PCR amplification product in all 48 samples
detected simultaneously without handling the samples, opening tubes, or interrupting the

35 cycling reaction. The number of reactions monitored simultaneously is limited only by the
capacity of the heating and cooling block. Thus, with a 96 well heating and cooling block,

-
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plification is elimnated. Thus, the need for downstream hybridization or
| electrophoresis, for exanple, is avoided. - - Al t hough ‘t he
n-fi ber-optic enbodi nent of the present i nvention illustrated in Fi gs. 2
d 3 has nunerous advantages. as descri bedifbove, the sensor, which
eferably is a video
96 amplification reactions can be monitored and the amplification product detected

simultaneously. As in the example case described above, it should be understood that
although the embodiments discussed below are described in conjunction with PCRs and
signals generated by a specific fluorescent binding agent indicative of amplification of a

5 target DNA sequence in certain examples, these embodiments can be used with other
amplification processes or binding agents such as those summarized above and disclosed in
U.S. Patent No. 5,210,015 to Gelfand et al. which is hereby incorporated herein by
reference.

'In a first embodiment of the multiple amplification reaction mixture detection
10 apparatus, a suitable optical system moves the excitation light from a source to multiple
reaction tubes that are positioned in a thermal cycler and measures the emission light from
& each tube. Such an optical system can comprise multiple fiber-optic leads that
simultaneously read all of the PCR tubes undergoing thermal cycling. Only a single
fluorometer is needed to read fluorescence from the reaction tubes, as each fiber-optic can be
15  read rapidly one at a time, for example, during the time frame of a PCR temperature soak
(e.g., an annealing/extension interval such as the interval between a-c illustrated in Fig. 1A).
It will be apparent to one skilled in the art that such a detection system is not necessarily
limited to a particular thermal cycler machine or reaction vessel.

The amplification detection arrangements incorporate fiber-optic leads to transmit

20  ~excitation light and fluorescence emissions. So long as the reaction wells, or tubes, are
light-sealed to prevent external light sources from influencing fluorescence detection, any
over plate, tube cap, or lid apparatus that comprises or can be attached to a fiber-optic lead is
suitable. In one embodiment of the invention, the reaction tube lids can be removed to

* accommodate the fiber-optic. However, use of a reaction vessel that has a clear or

| 25 translucent cap eliminates the need to insert the cable into the tube. It will be apparent that
reaction tubes capable of accommodating a fiber-optic cable, without the cable physically
contacting the amplification reaction components, are desirable.

Referring to Fig. 2, a further embodiment of an apparatus for real-time detection of the

amplification of multiple target nucleic acid sequences, simultaneously, is shown and

30 designated with reference numeral 10. This embodiment advantageously eliminates the need
for the light input and fluorescence output fiber-optic leads described above and the
accompanying problems associated with coupling the fiber-optics to the reaction tubes. As
discussed above, apparatus 10 will be described in conjunction with PCR amplification of a
DNA target sequence using a fluorescent binding agent signal generator for purposes of

35 simplification, but is not intended to be limited to use with such an a.mphﬁcanon process,
nucleic acid or amplification signal generator.
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10 Thermal cycler 12 includes a heat exchanger 22 for heating and cooling reaction tubes
26. Heat exchanger 22 is a heat-conducting block, preferably aluminum, having a plurality
of recesses 24 formed therein and sized to allow a given number of reaction tubes 26 (e.g.,
0.5 ml Eppendorf tubes) to fit therein. The purpose of heat exchanger 22 is to support
reaction tubes 26 and to act as a heat exchanger to transfer thermal energy to and from the

15 fluids stored in the tubes such that the reaction components may be incubated at various
temperatures for user-defined times. Thus, thermal cycler 12 also includes a system for
heating and cooling the heat exchanger and means, such as a computer system, for
controlling the heating and cooling system to heat and cool the heat exchanger and reaction
tubes as is conventional in the art. The user programs the computer or means for controlling

20 the heating and cooling of heat exchanger and reaction tubes to a desired tenipemmre profile,
such as that illistrated in Fig. 1, through display/keyboard user interface 28.

The heat exchanger (heat conducting block), means for heating and cooling the heat
exchanger and means for controlling the heating and cooling of the heat exchanger as well as
the entire thermal cycler, can be constructed in accordance with U.S. Patent No. 5,038,852
? 25 which is hereby incorporated by reference herein. Suitable thermal cyclers are commercially
available such as the GeneAmp PCR system 9600 thermal cycler (Perkin-Elmer, Norwalk,
CT) depicted in Fig. 2. '

It should be understood, however, that other devices for heating and cooling the
preloaded reaction tubes can be used without departing from the scope of the invention. Itis
30 only necessary that whatever device is used for heating and cooling the reaction tubes, be
capable of reaching and sustaining the temperatures involved and achieve the desired
temperature versus time profile. Thus, for purposes of nucleic acid amplification, such a

device should be capable of cycling the temperature of the amplification reaction mixture
between a denaturing temperature T (which can be in the range of about 80-105°C and

preferably 90-100°C) and an annealing/extension temperature T2 (which can be in the range

—_—
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anpl i fication m xtures when exposed to the excitation light. Alternatively,

i hi gh pass di-Themmal cysléer 1Qralsods priwridedewith 4 means for sending output data indicative of

the heat exchanger or amplification reaction mixture temperature profile, such as cycle

i 10 number, temperature, and time, to image processor 20 over line 30. An RS232 bus for

transmitting such data is provided with 2 GeneAmp PCR system 9600 thermal cycler, for
(& example. LED display panel 28a also displays such output data to the user during operation.

—

CCD-camera 16a is positioned above heat exchanger 22 and the reaction tubes to
collect fluorescence signals emitted from the reaction mixtures through the upper ends of the
15 tubes as the temperature of the mixtures is cycled by device 12 during amplification. It is
important that camera 162 is positioned as far as is practical from heat exchanger 22 in order
to reduce parallax effects on the fluorescence image captured by camera 16a. However,
camera 16a must be sufficiently close to the heat exchanger and reaction tubés to minimize
background noise from other light sources and so that sufficient light from reaction tubes 26
20 can be captured by the camera. It has been found that an optimum distance d, between the
heat exchanger 22 and camera lens 46, which is directed toward the heat exchanger, is in the
range of about 6 inches to S feet depending on the lens used. For example, d preferably is
about 2 feet when a 70 mm lens is used. A band pass interference filter 48, preferably a 600
\P nm filter, is placed in front of the lens to limit detection to the desired wavelength, since the
25 fluorescence of interest has wavelengths of about 600 nm.

Referring to Fig. 2, camera 16a is shown mounted to a conventional photographic

copy stand 32 for positioning the camera above heat exchanger 22 and reaction tubes 26.

Copy stand 32 includes a vertical support member 34 which is supported in bracket 36.

Bracket 36 is secured to mounting surface 38 which supports apparatus 10. Slide member
30 40 is slidably mounted to vertical member 34 for movement along the vertical and is
provided with knob 42 which upon turning cooperates with slide member 40 to lock slide
member 40 in a fixed position as is conventional to one of ordinary skill. Camera bracket 44
has one end secured to slide member 40 and another end secured to camera 16a. Thus, the
height of camera 16a can be adjusted through slide member 40 to the desired height above
the heat exchanger and reaction tubes. Camera 16a preferably is a conventional computer-
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m xt ures when exposed to the

multiconduit line 50. The camera is preferably cooled in order to provide higher quality
images with less noise. One suitable camera is a CCD-camera commercially available from

. Photometrics (Tucson, AZ) under the name STAR 1. It uses a thermoelectrically cooled

CCD array with a 12-bit per pixel resolution. It also permits exposure times to be varied to
change sensitivity to the fluorescence being detected. An IEEE 488 bus (designated with a
reference numeral 58) between camera 16a and image processor 20 is provided so that image
processor 20 can control the exposure of an image of the reaction tubes and the time penod

in wh1ch the image is taken.

Referring to Fig. 4, two UV lamps 14 are laterally spaced about the optical path
between camera 16a and heat exchanger 22. It is only important in this regard that lamps 14
are sufficiently close to camera lens 46 so that their housings do not interfere with the optical
path between all of the reaction tubes and camera lens 46. To this end, lamps 14 can be
suspended from camera bracket 44 via bracket 52. Lamps 14 also are parallel to the heat
exchanger so that excitation light is provided to the reaction tubes in a uniform manner.
Lines 54 extend from lamps 14 and are adapted to fit in a standard 115 volt wall socket for
providing the desired power to the lamps. The wavelength of UV lamps 14 is selected
according to the requiremnents of the nucleic acid fluorescent binding agent. For example,
302 nm is a desirable wavelength for excitation of ethidium bromide. A suitable 302 nm
mid-ranige UV lamp is commercially available from U.V. Products, Inc. (San Gabriel, CA)
under the name Chroma-Vue. '

The image taken by camera 162 is transmitted to image processor 20 via line 56 which,
when using the STAR 1 system as discussed above, is an RS170 line. Image processor20 .
includes a frame grabber for forming digital images from camera data on line 56. Although
camera 16a includes a 12-bit digital output, the analog output of the camera is used where
image processor 20 is an 8-bit image processor. In such a case, the image processor 20
includes the frame grabber to create 8-bit digital images from the analog signal on line 56 so
that image processor 20 can manipulate the collected images as digital data.

Thermal cycler output data line 30 also is coupled to image processor 20 for providing
the processor with the temperature profile, time, and cycle of the amplification in progress.
In this manner, processor 20 can be prograrrimed to send a trigger signal via line 58 to
camera controller 18, which controls the opening of the shutter for camera 16a, at
preselected times during the course of amplification. Image processor 20 includes a IEEE
488 bus card for communicating with IEEE 488 line 58, to control camera 16a. Processor
20 also is provided with a conventional keyboard and/or mouse user interface 60/64 and
monitor 62. A general overview of the operation of apparatus 10 is provided below.
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10 the image since it has an analog/digital converter.

Fig. 5 shows portions of three such digitized images taken during the course of six
simultaneous amplifications. The processor averages the intensity of light emitted from each
reaction tube during the noted annealing/extension phase and normalizes those intensity
values to determine a single fluorescence value for each reaction tube. The normalization

15 process is discussed below in more detail in connection with Figs. 8A-C. This is repeated
for each cycle of the amplification process. The normalized fluorescence values are saved to
a computer spreadsheet for subsequent analysis and graphing. These normalized
fluorescence values are further processed to determine the initial amount of the target nucleic
acid sequence (i.e., the starting number of target nucleic acid templates before amplification)

20 or to analyze the effect of amplification reaction conditions on the kinetics of the reaction. A
more detailed discussion of the fluorescence value acquisition and processing steps,
summarized above, is provided below.

The timing of each camera exposure to the emitted fluorescence first will be discussed.
: Since the maximum fluorescence occurs at the annealing/extension phase of each cycle in an
¢ 25 amplification process undergoing thermal cycling (e.g., see interval a-c Fig. 1A) and this is
the indication of the level of nucleic acid amplification, when only one image is takenin a
 given cycle by camera 16a it should be taken in this phase of the cycle because that is when
you get the strongest signal and signals during this interval best represent the amount of
material being made. However, as other data throughout the reaction can be useful in
analyzing the entire course of the amplification, it should be understood that it may be
desirable to collect more than one image per cycle. For example, each image can be taken 20
seconds after the annealing/extension temperature is reached as indicated by reference
character b in Fig. 1A. In this example case, when the annealing temperature is 68°C,
Processor 20 sends a signal, 20 seconds after the 68°C temperature is indicated by the
thermal cycler 12 over RS232 line 30, to camera controller 16a to trigger the camera shutter
(not shown). The exposure time can vary from application to application as would be
apparent to one of ordinary skill. The triggering event to open the camera shutter obwously
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manual selection of the portion of the image to be processed (e.g., averaged as discussed
10 below). Window 64C displays the command line of the computer operating system. The
processor digitizes the image and displays it in window 64B which is used so that the eser
: can assign a group of pixels to an area of the image that encompasses a single image of z
O reaction tube. This can be accomplished using a mouse to draw boxes around the portions
of the digitized image of a reaction tube 26 in window 64B or using a program that looks at
15 the fluorescence of each pixel to determine which pixels belong to which reaction tube as
would be apparent to one of ordinary skill in the art of computer graphics. This is illustrated
in Fig. 6, where a 6x6 pixel array encompasses the image of a single reaction tube 26. k
should be understood that this array size has been selected merely for purposes of example
and that other array sizes can be used without departing from the scope of the invention.
20 The pixel values "5" indicate insignificant fluorescence and correspond to the fluorescence
' emitted by the upper surface of the heat exchanger, while the pixel values "200" indicate the
- maximum fluorescence detected in the 6x6 pixel array and cbm:spond to the fluorescence
emitted from the center of the reaction tube which are imaged onto pixels. The pixel valnes
* "100" correspond to the fluorescence emitted by a portion of the heat exchanger and reaction

25 tube. Of course, these specific pixel values do not necessarily represent actual values, bat
are merely exemplary.

Image processor 20 then averages the pixél values in the array assigned to the area
encompassing the reaction tube to obtain a single fluerescence value for that reaction tube for
cycle 1 of the nucleic acid amplification process. However, obtaining a single fluorescence

30 value for each reaction tube can be accomplished in other ways such as summing the pixel
values. The box outlining the 6x6 array and encompassing the first reaction tube is then
moved to encompass the next reaction tube where the pixel value averaging step is repeated
and a single fluorescence value is obtained until a fluorescence value has been assigned ©
each tube for cycle 1. Alternatively, the process of obtaining a fluorescence value for each

- reaction tube 26 for a given cycle can be done as a parallel process. This process of
calculating a fluorescence value for each reaction tube is repeatsd each cycle until the
amplification process is complete. -
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tube can be corrected to compensate for these variations according to the following. The
control tube 26C is pre-loaded with a fluorescence dye only, such as ethidium bromide
(EtBr). Since the control tube contains no nucleic acid, there is no amplification of its
fluorescence during thermal cycling. Thus, the control tube will emit an essentially constant
amount of fluorescence when subjected to excitation light during amplification and serves as
a base line throughout the amplification process. This is illustrated in Fig. 7, where the
fluorescence intensity of the control tube is plotted over several cycles.

Referring to Fig. 7, iy is the initial fluorescence of the control tube and establishes the

base line. At cycle 2, the recorded intensity of control tube 26 begins to drop off indicating
that drift in fluorescence is occurring. Thus, solid line 72 cycle 4 corresponds to apparent
intensity values. For exarhple, at cycle 4 when the camera collects data in the
annealing/extension phase of the fourth cycle, the apparent value of the control tube
fluorescence is ip4. A correction factor ip/ia4 is then determined for that cycle. Each of the
fluorescence values obtained for each reaction tube is multiplied by the correction factor to
provide actual fluorescence values. The foregoing is repeated for each cyclé. In summary,
the correction factor is generally described as iyfipp, wherein i, is the initial fluorescence
value of the control tube and i Ay, is the apparent fluorescence value of the control tube taken
during cycle number n. Each fluorescence value obtained for a reaction tube by, for
example, averaging (as discussed above) is multiplied by the correction value. The foregoing
is repeated for each cycle.

Normalization and quantitation will be described with reference to data generated for a
specific example case for exemplary purposes only. That data is illustrated in Fig. 8A. It
should be understood that the invention is not intended to be limited to PCR or the particular
amplification reaction mixtures, number of amplifications, thermal cycler, temperature
profile, or interval in which the fluorescence images were taken as will be apparent to one of
ordinary skill. It is.o'nly necessary to monitor the amplification reaction mixtures differing in
starting concentration of a target nucleic acid sequence to quantitate the initial concentration
of that target sequence in an amplification reaction mixture where that concentration initially
is unknown as will be described in more detail below.

Fig. 8A shows the fluorescence values obtained from eight PCR amplifications
monitored simultaneously, in accordance with the principles described above, during thermal

_
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starting amount of a sample as will be described in more detail below. The eighth mixture
contained no target DNA and served as a control reaction to provide background
information. The seven amplifications of known sample were initiated using a dilution
series of single-stranded, HIV template DNA.

Prior to making the dilutions, the PCR reaction mixtures were set up in 100 pl
volumes contzining 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 3 mM MgClp; 2.5 U of Tag
DNA polymerase (Perkin Elmer, Norwalk, CT); 100 M each dNTP (Promega Corp.,
Madison, WI); 4 pig/ml of ethidium bromide (Bio Rad, Richmond, CA); 100 pmole each of
HIV specific (gag region) oligonucleotide primers SK145 and SK431 (Perkin Elmer,
Norwalk, CT) and 300 ng of human placental DNA (Sigma, St. Louis, MO). An M13
subclone of the HIV gag region was used as the target nucleic acid template.

Starting with 108 templates, 10-fold dilutions were made down to 102 templates and
used with HIV-specific primers to make a 142 bp PCR product. The fluorescence profiles
in Fig. 8A generated from these initial concentrations are designated with reference numerals
108, 107 . . . 102, respectively. A control amplification with no added template was also
monitored. The fluorescence profile of this mixture, is shown by the line designated with
reference numeral 0. To simulate a PCR-based screen of lymphocyte DNA for integrated
HIV genomes, all reactions contained 300 ng or 40,000 cell equivalents of human genomic
DNA. "

~ Thermal cycling proceeded for 55 cycles in 2 GeneAmp PCR System 9600 thermal
cycler (Perkin-Elmer, Norwalk, CT) with a 2 temperature program: 94°C for 15 sec.
denaturing; 68°C for 30 sec. annealing/extension. To provide a "hot-start” as is
conventional in the art to improve specificity in the reaction (as described in Chou, Q.,
Russell, M., Birch D.E., Raymond, J. and Bloch, W. "Prevention of pre-PCR mis-priming
and primer dimerization improves low-copy-number simplifications.” Nucleic Acids
Research 20:1717-1723, 1992) an initial hold at 75°C was used during which the MgChy
was added (in 2 12 pl volume) after the samples had reached this temperature. Fluorescence
images for each thermal cycle were taken by the CCD-camera 20 sec. into the 30 sec. bold at
the annealing t=mperature with an exposure of about 1 second. As described above, the
heating cover block 27 was not used and was positioned away from the reaction tubes &

permit imaging. : —_—
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However, there is a considerable variance in the initial fluorescence values obtained
from the different amplifications even though those values should be the same. They should
be the same because the amounts of single-stranded DNA are so small that the varying
amounts of it in the reaction tubes have a negligible effect on the total fluorescence expected
from a single tube. It is believed that the sources of this variation are inhomogeneity or
nonuniformity of illumination, parallax, and variable attenuation of the fluorescence due to
the tube caps. Monitoring the amplifications without caps but through a vapor barrier of

. mineral oil or Ampliwax™ brand sealant reduces, but does not eliminate, this variation.

To compensate for inhomogeneity of illumination parallax, and variable attenuation
and, thus, the variations shown in Fig. 8A, the processor determines a normalization factor
for each amplification. Each factor is determined based on the data collected in cycle 1 and is

~ the ratio of the average initial fluorescence of all reactions to the observed initial fluorescence

of each reaction. The processor multiplies all fluorescence values for each amplification by
the respective normalization factor. The result of this normalization is shown in Fig. 8B.
Thus, for the reaction containing 103 starting template copies, the ratio (normalization factor)
is the sum of all eight fluorescence values in cycle 1 divided by 85 which is the initial
fluorescence value of reaction 108 as shown in Fig. 8A. The fluorescence values for the
reaction marked 108 then are all multiplied by this factor to generate the normalized curve of
Fig. 8B. Each reaction curve is similarly normalized. This normalization is based on the
assumption that the source of the image variation attenuates or enhances the fluorescence
signal proportionately over the entire range of signal intensities.

Referring to Fig. 8B, all reactions essentially have the same initial fluorescence and
most of the reaction profiles have a regular spacing consistent with the dilution series used.
The profiles are very similar in shape and nearly parallel. The early or logarithmic phase of
an efficient PCR involves a doubling of the DNA copy number every cycle. Itis predicted
that each 10-fold dilution in starting template would require 3.32 additional cycles to bring
the yield of PCR product up to a given concentration. Thus, the normalized values look as
expected, for much of the range of fluorescence levels. It can be seen by examination of
Fig. 8B that there are close to three cycles éeparating each of the dilutions except for those
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corporates th ?1ﬁcauon in Fig. 8B to reach the arbitrarily chosen fluorescence level of 190. The line

10 shown in Fig. 9 is regression fitted to the data points from 108 to 103 initial copies 2>
.99). The data point corresponding to 102 initial copies has a statistically significant
deviation from this line (zero copies cannot be placed on a logarithmic plot). Besides the

d data point at 102 copies, the data point most deviant from the regression line is at 109,

which, using the equation of the fitted line, predicts a value 13% lower than the known
15 initial number of copies. Similar results are obtained if the fluorescence Jevel chosen in Fg.
] 8B is anywhere from 125-225.
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The reason for the deviation from linearity at the data point at 102 copies is shown by
the gel electrophoresis analysis of the amplification products in Fig. 8C. The specificity of
the amplification is such that, starting with 108 down to 10> copies of template, the only

20 visible product is that of the expected size. When 104 starting copies were used, a smaller,
nonspecific amplification product becomes barely visible. This product is more prominent
when 103 copies are used, and when 102 copies are used, an equal amount of nonspecific
product and HIV-specific product are made. Only nonspecific product is made in the control
with no added template. Since fluorescence due to specific product is indistinguishable from
that of nonspecific product, the "baseline” of sensitivity of this assay is at the cycle number
by which so much nonspecific product is being synthesized that any additional synthesis of
specific product has little effect on the reaction profile. Aslong as concentration
determinations are based on interpolation from a set of standards, i.e., reaction tubes
containing known concentrations of starting target nucleic acid sequence, this baseline could
be at significantly more cycles than at the cycle number at which the deviation from linearity
begins. In practice we have seen that sample-to-sample variation of the reaction profile at
less than 102 templates complicates reproducible quantitation below this level (data not
shown).

In order to quantitate the initial amount of target nucleic acid in a sample, the
normalized fluorescence data from the set of standards are first used to establish the
relationship between initial target nucleic acid amount and the number of cycles needed (such
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@efinitions are

as that shown in Fig. 9) to reach an arbitrarily chosen level of fluorescence that is within the
range of detection of this instrument. This arbitrary fluorescence value (AFV) is preferably
chosen to be in a region of the reaction profile that is, as described with reference to Fig. 8B,
parallel among the different standards. This will generally be true if the selected AFV is

from 0.1 to 0.5 times the maximum fluorescence value obtained by the standard using the
highest initial known target nucleic acid concentration.

After selecting the AFV, for each standard amplification, the correction and normalized
fluor value obtained that is nearest the AFV is chosen. Taking this value, and the fluor
values for the four cycles preceding and the four cycles following the cycle at which this
value occurs, a regression line is fitted that relates cycle number (which can be fractional) to
fluorescence. The AFV is then entered into the equation of this regression line and a value
for this standard sample of the number of cycles needed to reach the AFV is returned.

Having now determined for each standard the number of cycles needed to reach the
AFV, a regression line is fitted to the data that relates the initial target nucleic acid amount to
the number of cycles needed to reach the AFV. To now determine the initial target nucleic
acid amount of an unknown sample that was amplified together with the standard samples,
the number of cycles needed to reach the AFV is determined as was done for the standard
sample. This number of cycles (which can be fractional) is entered into the equation of the
fitted regression line and the equation returns a value that is the initial amount of target
nucleic acid in the unknown sample. This process can be repeated for each unknown
sample. The data manipulations just described can easily and rapidly be performed by a
microprocessor that is suitably programmed.

This mode of nucleic acid quantitation can be used not only with fluorescence resulting
from the non-sequence-specific binding of dyes, but can also be used with fluorescence
resulting from the sequence-specific binding of oligonucleotide probes such as those used in
the homogenous amplification/detection systems described in U.S. Patent No. 5,210,015.
These probes require alternative light sources and filters as described in the above patent.
Use of multiple sequence specific probes, each with a distinguishable fluorescence, should .
allow simultaneous detection and quantitation of multiple nucleic acid target sequences in a
single amplification reaction.

Referring to Figs. 10A-D, analyzing the effect of different reaction conditions on a
PCR will be discussed. In general, these effects can be monitored by adding, subtracting,
or changing components of a standard PCR and observin g the change in the reaction profile.
Fig. 10A shows a titration of Tag DNA polymerase. Nine replicate PCRs containing 108
target HIV templates were initiated using a range of Tag polymerase levels as indicated in the

—_—
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% sudden absence of detectable product. Since PCR is a process in which DNA increases in
concentration exponentially, it is perhaps not surprising that there is a threshold level of

10 enzyme below which amplification is an apparent failure.

The effect of changing primer concentrations on the kinetics of amplification also can
be monitored. Fig. 10B shows profiles of PCRs detecting HIV templates (108 initial
3 ssDNA copies) using primer levels from 2 uM (each primer) down to 0.05 pM. A constant
? level of enzyme (2.5 U) was used in each PCR. Note that from 0.05 to 0.4 uM in primer
15 concentration, the DNA level in the reaction rises to a certain level and remains constant. If
these final product levels are estimated using the data in Fig. 4 and assuming 10.6 pmole/itg
of 142 bp PCR product, we see that for 0.05, 0.10, and 0.20 uM primer, 0.05, 0.10, and
] 0.20 pM product respectively, is made. At these levels, primer concentration is apparently
i the limiting factor on yield of product DNA. In contrast, at 0.8 M primer concentration and
20 above, the DNA level is conﬁriuing to rise with each thermal cycle, as in Fig. 6A, and
increasing amounts of primer have little effect on the profile. By comparison with the data in
Fig. 6A; one would conclude that these reactions are now enzyme, and not primer, limited.

The result of varying KCl concentration using the same HIV test system with 1 pM
primers and 2.5 U of enzyme per 100 pl reaction are shown in Fig. 10C, Tag DNA
polymerase activity is greatly inhibited by high concentrations of KCl. Consistent with this,
at concentrations of KCl of 125 mM or greater there is no detectable PCR product. With
activated salmon sperm DNA as template there is an optimum in Tag DNA polymerase
activity at 50-90 mM KClL. This assay shows that product yield is highest at 50, 75 and 100
mM KCl with only about half as much being made at 0 mM KCl. It is possible that this
difference is due to low ionic strength destabilizing primer annealing, although inconsistent
with this is the observation that the efficiency of amplification using 0 mM KCl appears
nearly the same as those at 50-100 mM KCl until about cycle 20. Only in later cycles does
product yield fall off, similar to the results obtained with less polymerase in Fig. 6A. If
primer annealing were destabilized, one would expect that amplification efficiency would be
diminished for all cycles.
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5 product is delayed by 3-4 cycles, suggesting that, in contrast with the results obtained with 0

! mM KCl or reduced enzyme, the efficiency of amplification is being detrimentally affected
% both in early and later amplification cycles. This difference in reaction profiles suggests that
g partially inhibited PCRs can be distinguished from uninhibited reactions.

.Referring to Figs. 11-13, simplified flow charts illustrating the steps performed by the
10 apparatus of the present invention are shown. Fig. 11 illustrates the overall fluorescence
value obtaining steps, while Figs. 12-13 show the fluorescence averaging and normalization
subroutines.

Q : Referring to Fig. 11, the process is started and cycle 1 fluorescence values are
- obtained. Then, the processor calculates normalization factors for each sample. Then the
15 fluorescence value for each value in that cycle is normalized by multiplying each
fluorescence value by its respective normalization factor. The processor then outputs the
normalized values and the next cycle of fluorescence values are obtained. This is repeated
until the all of the ﬂuoresc_:ence images are processed. Referring to Fig. 12, which illustrates
how the fluorescence values are obtained, the thermal cycler is started and the excitation light
20 source energized as the camera controller-waits for a trigger signal. When the camera-
controller receives the trigger signal from the processor, it sends a signal to the camera to
open the camera shutter for a period of n seconds in which the camera sums pixel values
_ indicative of fluorescence before the shutter is closed. The analog image is sent to the image
; processor where the image processor frame grabber digitizés the image. At this point the
‘ 25 digitized image can be saved for subsequent processing or it can be processed in real-time.
In the latter case, the image processor then assigns a group of pixels to an area
encompassing one reaction tube and averages all values in that area to obtain a single
fluorescence value which is stored. The processor repeats these steps until a single
fluorescence value is obtained for all the reaction tubes in that cycle. Then the processor
30 outputs the stored values for that cycle. The foregoing is then repeated for that cycle. Fig.
13 is a subroutine for the normalization factor obtaining step illustrated in Fig. 11. First, the
average value for all of the cycle 1 floor values is determined. Then, that average is divided
by each fluorescence value in cycle 1 to get normalization factors for each amplification
reaction mixture which will then be used for the remaining cycles. Although the flow charts
35 do not include cycle-to-cycle correction, such can also be accommodated by the processor.

kA |

'\\
- This Sheet Has

L.




princi pl es of the present invention; Fig. 3 is an enlarged section of
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fluorescence emissions sensing arrangement for use in conjunction with apparatus 10 is
shown. This excitation and fluorescence sensing arrangement is generally designated with
reference numeral 100 and generally comprises a shell or housing 102 for covering recesses
5 24 in a Iight-tight manner, a lamp or light source 14' for providing excitation light to reaction
samples placed in the recesses, sensor or camera 16a’ for detecting or sensing fluorescence

g emitted from the reaction samples and dichroic mirror 104 for separating the excitation light
¢ and fluorescence emissions so that essentially only the emissions are detected by camera

16a’. The fluorescence or amplification data is processed as described above.

10 Housing or shell 102 is shown as having a top wall 106, side walls 108, 110, front
wall 112 and rear wall 114. Shell or housing 102 is mounted on the upper surface of thermal
3 cycler 12 such that the housing encloses heat exchanger 22 and, thus, recesses 24, which are
? formed therein and sized to receive a number of tubes 26, which are configured to hold
nucleic acid amplification samples. More specifically, housing 102 is constructed so as to
15 form a light-tight chamber for the samples placed in sample tubes 26 as well as the optical
paths between the light source and the samples and the samples and the sensor.
Accordingly, the housing is mounted to thermal cycler 12 to provide a light-tight connection
therebetween. In addition, ekcept for apertures 116 and 118, which are configured to
receive excitation light source or lamp 14' and lens piece 120 of camera 162!, the walls of
20 the shell or housing are imperforate and e#sentially consist of opaque material. In addition,
the walls preferably comprise a material having a relatively low thermal conductivity, such as
plastics, to impede heat transfer from the heat conducting member 22 and the samples in
tubes 26. One suitable material for the housing walls is polycarbonate.

A mechanism is provided to access the interior of housing or shell 102 and, thus, to
25 the samples in heat exchanger 22. Referring to Figs. 14 and 15, front wall 112 can be
hingedly secured to top wall 106 by hinge 122 in order to provide such access. Althougha
particular configuration has been described with respect to the housing, it should be
understood that other configurations can be used to form a light-tight chamber for the
excitation and fluorescence emissions light paths as well as the housing for the elements
30 housed in housing 102 which are described in more detail below.

¢ by i AR TR .H::i.’uﬁ‘w-i-,e.-.... Sewedl F it

Lamp or light source 14’ essentially differs from lamp 14 in configuration. Lamp 14'
includes a condensing shield or shroud 14a’ and bulb or filament 14b’ for emitting light as
does lamp 14 and as is conventional in the art. Lamp 14' is selected to provide light having
a wavelength corresponding to the wavelength of light needed to excite the fluorescent
binding agent present in the sample to be tested. For example, when using ethidium bromide

 as a fluorescent binding agent, light source 14' preferably is selected to emit UV light ata

This Sheet Has Be

LT
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ex%c i tation |exghtd byroreUiVswawelet(gtiisl Ahas,edighe seletethatogenerates 480 nm light can be
used in the alternative. However, light sources that generate 480 nm light generally provide
a spectrum of visible light. Accordingly, when using such a light source, a filter is used to
obtain the desired 480 nm output. Generally, any light source arrangement can be used as
10 long as the desired wavelength is provided to the reaction mixtures. Monochromometers and
lasers are examples of suitable light sources.

_ Lamp 14’ is coupled to housing 102 such that the excitation light is directed through
aperture 116, which is centered over recesses 24 to minimize nonuniform light distribution
q thereover, and toward any samples contained in recesses 24. It should be understood that
15 lamp 14' can be positioned at other locations as well. For example, lamp 14’ can be
completely housed in housing 102 and aperture 116 eliminated. However, the light emitting
element, e.g., bulb 14b, is preferably parallel to the upper surface of heat exchanger 22 and
centered over the recesses to enhance the uniformity of the light distribution over the heat
exchanger for the reasons discussed above. If a filter is used to obtain the desired
20 wavelength, the filter can be mounted, for example, to the housing at aperture 116 between
the optical path of the lamp and the samples provided in recesses 24.

Dichroic mirror 104, which preferably is a low pass dichroic mirror, is positioned
! directly over heat exchanger 22 and preferably at an angle of about 45° to the upper surface
of the heat exchanger to accommodate the orientation of lamp 14' and camera 16a’. In the
4 25 arrangement shown in the drawings, dichroic mirror 104 is a low pass dichroic mirror,

: constructed to be transmissive or transparent to light having a wavelength corresponding to
that emitted from excitation light source 14' and reflective to light having a wavelength
corresponding to that emitted by the samples in recesses 24 when exposed to the excitation

P light (see Fig. 15). Of course, the transmissive and reflective characteristics of the dichroic
{30 mirror are selected according to the particular application. For example, when using
; ethidium bromide as the fluorescent binding agent, the excitation light wavelength can be
about 302 or 480 nm as discussed above. In either case, the emission wavelength is about
600 nm. Thus, the dichroic mirror can be constructed such that it is transmissive to light
having a wavelength of about 302 or 480 nm or transmissive to both about 302 and about
'35 480 wavelength light. In both cases the dichroic mirror is constructed to be reflective to light
having a wavelength of about 600 nm. Fig. 16 shows a transmissivity v. wavelength curve
that is representative of suitable characteristics for the dichroic mirror when using ethidium :
\
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af angement in partial section; and | Fig. 15.is an enl arged vi ew of
b excitation 1ight and emi ssions/.fl uorescence detector arrangenment of

). 14 in partial section; Fig. 16 shows a transmissivity v.
o§el ength. curve that is representative 0f2%-dichroic nirror construct ed in
acgordance with princi pI es of the present jnventjon; .and 17 is a
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di scussed. Fluorescain dgvexsitation am qmssxon wevrlengihs of abeutid98 apd 844 Am, respestivelyn

requires anplasih gidegree @ whfMinissivity and reflectivity, a mirror as shown in Fig. 16 which is
: capable of transmitting about 85% of the excitation light, while reflecting about 98% of the
emitted fluorescence toward camera 162’ has provided suitable results for detecting nucleic
10 amplification with ethidium bromide in accordance with the present invention.

; The following is given for purposes of illustration and is not intended to limit the
invention. The specifications of one suitable dichroic mirror for separating excitation and
* " emission light when using ethidium bromide as a fluorescent binding light are as follows:
UV Transmitting 510 nm Cut-Off Short Pass: Transmission 2 80% Avg. 300-500 nm and 2
15 65% absolute @ 300 nm; reflectivity 2 90% abs. 525-610 nm; hard refractary oxide surface
coating; substrate - Corning 7940 Fused Silicon; and Chamfer .010 x 45° all edges.
Manufacturers of suitable dichroic mirrors include Omega Optical, Inc. (VT) and Janos
Optical, Inc. (VT).. '

Although a low pass: Mgement has ben described, a high pass dichroic mirror can
20 be used in the alternative. However, when using 2 high pass dichroic mirror, the positions
of lamp 14' and camera 162’ are reversed as would be apparent to one of ordinary skill.

Returning to the arrangement of the componentry of the embodiment shown in Figs.
14 and 15, dichroic mirror 104 is hingedly secured to ridge or projection 126 by hinge 128
so that the mirror can be pivoted for access to heat exchanger 22. Ridge or projection 126
25 extends from upper wall 106 and is constructed to prevent or minimize light from Ii_ght
source 14' from passing over hinge 128 toward camera 16a.

A light shutter, diagrammatically shown and designated with reference numeral 124 in
Fig. 15, is provided in accordance with the preferred embodiment to limit exposure of the
reaction samples to the excitation light. As diagrammatically shown in Fig. 15, shutter 124
can be slidably mounted to upper wall 106 to move between a first position (shown in solid
line) where aperture 116 is open and a second position (shown in dotted line) where it
covers aperture 116. The shutter can be spring-biased toward the closed position and
solenoid actuated to the open position as is conventional in the art. The shutter can be
controlled, for example, to open only during the annealing/extension phase of each cycle
during PCR, i.e., when maximum fluorescence is expected. In this manner, the shutter

———
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| ex formof nucleic acid. There exist: wefl -kfown met hods for anplifying
cl ei c acids. The means for anplification are:not critical. and this
ention will work with any nethod wherggnucl ei c dupl exes are generat ed.

e various nethods are reviewed in Bio/ Technol ogy 8:290-293, April 1990,

or por at éupmwsas'ylstemlparﬁtmmccby indreasing saaipleistabilityt Since thelamipi isr'closct 1o thePCR,

uI t of | r a ll il ca§| ons cant%1 %gmﬁﬁ%oregsjo%?%m& esc %taﬁ&?

‘ecting Aightingasithwhighsen sause spapledegradationgnphe qacav,@@nd@thwm knewmhe
nCI pl es a@ﬁblézi&ﬁuigr"emél&huhemnﬁm%s ﬂiéaﬁbuﬁﬁéfftﬁﬁeﬂaés Ef1§ tﬁ%g%h

I ficat.io | nvoI ve cy
i | ng 20T AR & HEGRCRR RS Pra@%fqaﬁm &ibugh for s o
nk the E\howagwapled tohdsing 02| iticenibe mtiale@cbdaﬂp 14, pdsiticned divectlly ghoveers
h DNA p%'ley Heat &%ﬁuctilr-l@eblgcrk' and, thus, the samples or in some other manner to control sample
' exposure to the excitation light. Other mechanisms to control or time such exposure can also
be used.

10 A field or plano convex lens 130 is provided between dichroic mirror 104 and lens
piece 120 of camera 16a'. Field lens 130 deviates the rays reflected from mirror 104 inward
so that essentially all of the fluorescence emitted from the samples and heat exchanger 22 is
directed toward lens piece 120. Field lens 130 preferably is slidably mounted to housing
102 so that it can be moved toward or away from lens piece 120 depending on the

15 wavelength of the sample emissions as would be apparent to one of ordinary skill.

A single filter or a plurality of filters, such as a filter wheel, can be coupled to the
camera to permit only certain wavelength(s) to be detected. Referring to Fig. 15, a filter
wheel 132 is shown coupled to lens piece 120, as is conventional in the art, so that multiple
labels or targets can be detected and monitored. That is, the filters can be interchanged by

20 rotating the wheel so that detection is limited to the desired wavelength. The interchanging
step can be carried out during each annealing/extension phase or after a preselected number
of cycles depending on the application. Alternatively, it is contemplated to use a camera that
distinguishes wavelengths such as a spectral imager.

Referring to Fig. 15, a heated transparent or transmissive window or member 134
% preferably is provided to improve thermal cycling conditions. Member 134 should be at
least sufficiently transmissive so as to allow for the effective excitation of the samples and
detection of the accompanying fluorescence. Heating member or window 134 can comprise
quartz, for example, and can be placed on reaction tubes 26 or slightly thereabove. Heating
member 134 generally is provided to maintain the thermal cycling temperature profiles of the
-4 % reaction mixtures to follow the preselected profiles as close as possible and minimize reflux.
C The heating member is preferably maintained at a temperature within the range of about 95-
105°C, and preferably about 100°C. That is, the window is preferably maintained at a
temperature corresponding to the denaturation temperature. Member 134 can be heated with
nichrome wire, for example, or other heating elements according to conventional practices.
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hybridi ze to opposite strands of the target sequence and are
iented so that DNA synthesis by the pol. yIer ase | proceeds across the
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each suctcessive cycl € essenti'ally doubling 'the

accurul ation of the specific target fragment, at a rate of

0l | cati ons

exchanger having only 9 recesses, this is merely for purposes of s1mp11fymg the drawing.
Nichrome wire 136 can be embedded in member 134 or secured to the surface thereof. The
wire preferably is arranged not to extend over the recesses 24 in the heat exchanger and,
thus, not to interfere with the optical paths of the excitation and emission light. The wire
also is coupled to a conventional temperature controller 138 that maintains the temperature of
element 134 at the desired temperature. .

A display preferably is coupled to the processor for displaying data such as indicating
if the target sequence is present as well as its concentration. In addition, with the continuous
monitoring of the amplifications (discussed above), means for displaying the detected
amplifications can be displayed as the amplifications are progressing. This enables
reductions in thermal cycling times. For example, if a decision can be made that a reaction
mixture contains the target sequence at a relatively early stage, the sample can be removed
and another placed in its position. Throughput is thereby increased. This is especially
advantageous when loading a heat exchanger with up to 96 wells with different reaction
mixtures (€. g, some testing for a genetic disease, some testing for HIV and so forth) or
when the mixtures are loaded at different times.

The aboveisa detailed desm'ipﬁon of a particular embodiment of the invention. Itis
recognized that departures from the disclosed embodiment may be made within the scope of
the invention and that obvious modifications will occur to a person skilled in the art. The
full scope of the invention is set out in the claims that follow and their equivalents.
Accordingly, the claims and specification should not be construed to unduly narrow the full
scope of protection to which the invention is entitled.
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g DNA polynerase is preferred when PCR I's used in conjunction with the
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Mvention. a t her npstabl e! pol ynerdse, is active at high é
it eraﬂ““ﬁ“ gﬂlﬂ r "the preparation - Taq are disclosed in U.S.
‘PR ent |ncorporat ed by reference. However, other
‘t fbr nost abl e poI ymer ases isol ated frSleims her Thernmus species or
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‘agwell as non- tPWrmpPhﬁﬁis%ﬂ?Mm&ﬂng'ﬁ&ﬂﬁﬁénﬁa&Ba&&aﬁfblﬁé@n&@'sﬁﬁmfaﬁ&ﬂsl yl7 .
DN\ pol ynerase, E 0l i, DNA EOl nerase I, or the Kl enow fragnment of E” coli
cag al so be at St or providing thernpstabl e DNA pol ynerases
ar@ provided in dmemahayolmadlucﬁng & htat pmducting memberhavingmbltipleatéesses formed
No@. WO- A- %Qrgi%{sgn@nd WO- A- 92/ 03556, .which are both |ncorporat ed herein
by} refe?enc The ligase chain reaction is described in
| niler nat i onal Pammrmpng@mmmmgpmmmmmemsmMea&usm chis
|nrporat ed herein by reference. The process

2. An apparatus according to claim 1 characterized in that it further comprises a light
source optically coupled to said thermal cycler and arranged to distribute light over a portion
of said heat conducting member having a plurality of said recesses formed therein.

10 3. An apparatus according to claim 1 characterized in that it further comprises means
for generating an average value for light detected by said sensor with respect to each light
emitting recess. '

4. An apparatus according to claim 1 characterized in that
it further comprises means for cycling the temperature of said heat conducting member
15 according to a preselected temperature versus time profile for multiple cycles and
multiple nucleic acid amplification reaction mixtures, each comprising a fluorescent binding
agent, each mixture being disposed in a d1fferent one of said recesses;
and in that :
said light source provides an essentially uniform light flux over a portion of said heat
20 conducting member and a number of said reaction mixtures; and
said sensor is optically coupled to said heat conducting member for detecting fluorescence
emitted from each amplification reaction mixture excited by said light flux, simuitaneously.

5. An apparatus according to claim 4 characterized in that it further comprises means
for generating an average fluorescence intensity value for each excited reaction mixture based
25 on the detected fluorescence therefor.

6. An apparatus according to claim 5 characterized in that it further comprises means
for generating normalized fluorescence intensity values from said average fluorescence
intensity values.

‘ 7.An apparatus according to claim 1 characterized in that
: % said recesses of the heat conducting member of the thermal cycler are formed throngh a
" surface thereof for receiving reaction vessels containing a nucleic acid amplification reaction
mixtures; and in that
I —
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- 10. An apparatus according to claim 8 wherein said light source comprises a UV lamp.

11. An apparatus according to claim 7 wherein said imaging device comprises a CCD-
10 imaging array.

12. An apparatus according to claim 1 characterized in that said heat conducting
member of the thermal cycler has multiple recesses formed therein and adapted for receiving -
nucleic acid amplification reaction mixtures, and in that said apparatus further comprises
a housing positioned over said heat conducting member and coupled to said thermal
15 cycler; - _

a light source arranged to emit light in said housing and toward said recesses; and
a dichroic mirror positioned in said housing and above said recesses, said dichroic
mirror being transmissive to light having a first wavelength and reflective to light having a
second wavelength that differs from said first wavelength; and
20 said sensor being arranged to receive light reflected from said second surface of said
dichroic mirror.

13. An apparatus according to claim 12 wherein said dichroic mirror is transmissive to
light having a wavelength corresponding to the wavelength of light generated by the
excitation light source and reflective to light having a wavelength corresponding to the

25 wavelength of fluorescence emitted from a nucleic acid amplification mixture when that
mixture is disposed in one of said recesses and exposed to light from the light source.

14. An apparatus according to claim 12 wherein said dichroic mirror is transmissive to
: light having a wavelength in the range of about 200-550 nm.

15. An apparatus according to claim 12 wherein said housing comprises opaque
material and is constructed to form a hght—ught chamber in which said dichroic mirror and
sensor are arranged.

—_—
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17. An apparatus according to claim 12 wherein said sensor comprises a charge
coupled device.

5 18. An apparatus according to claim 12 further including a shutter coupled to one of
said light source and housing for permitting said recesses to be exposed to said light source
at preselected intervals.

'19. An apparatus according to claim 12 further including a window comprising
transparent material and a heating element coupled thereto, said window being disposed
10 above said recesses and below said dichroic mirror.

20. An apparatus according to claim 12 further including a field lens arranged between
said dichroic mirror and said sensor.

21. An apparatus according to claim 12 further including a filter wheel that is coupled
to said sensor.

s 22, An apparatus according to claim 1 characterized in that said heat conducting
member of the thermal cycler has multiple recesses formed therein and adapted for receiving
nucleic acid amplification reaction mixtures including a nucleic acid sequence and a
fluorescent binding agent and in that said apparatus further comprises

: a housing positioned over said heat conducting member and being coupled to said .
20 thermal cycler;

a light source arranged to emit light in said housing;

a sensor arranged in said housing; and

¥ a dichroic mirror positioned in said housing and above said recesses, said dichroic

4 mirror being transmissive to light having a wavelength corresponding to the wavelength of
3 25 light generated by the excitation light source and reflective to light having a wavelength

3 corresponding to the wavelength of fluorescence emitted from a nucleic acid amplification
mixture, including a fluorescent binding agent, when that mixture is disposed in one of the
recesses formed in the heat conducting member and exposed to light from the excitation light
source, said mirror be oriented to form an optical path between said recesses and said

3§ 3 Sensor.

23. An apparatus according to claim 22 wherein said dichroic mirror includes a first
surface and a second surface, said first surface generally facing said light source and said
second surface generally facing said recesses and sensor.
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frar i n- 3-acetate (AMCA). FAM - HEX, TET, JCE}/&@&, and TAVRA are market ed
Perkin El mer, Applied Biosystens Division (Fpster City, CA).: Texas Red
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orescence trace indicative of DNA anplification for a single polynerase
chdin reaction (PCR), which involves cycling the tenperature of the ,
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as it he anount of doubl e-stranded DNA increases. As illustrated in Fig. 1,
flzorescence intensity rises and falls inversely witdyq enperature. The
jorescence intensity is mninmumat th yon tenpgrature
(94[err]C) and mexi num at the anneali extensi o
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werature (50[err]C). Thus, the fluorescence iz{elnzs_i ty,at 50[err]C shows
#cl e-dependent increase reflecting an increase in the anount: of

®l e-stranded DNA. Wien the thermal cycler returned to 25 C - after the 30

‘es were conpl eted, the fluorescence increased to a final value greater
three tines the initial fluorescence value at 25[err]C. On the other
the fluorescence mnima at the denaturation tenperature do not

significantly increase, presumably because at this tenperature there is no
dsDi\IA for EtBr to bind. :
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-disclosed in U S. Patent Application Serial No. 07/695,201, this data
“Wa collected ‘using a fiber-optic |ead and a .spectra-fluoroneter. The
fi@er-optic |lead was used to input exci'tation ltght:difec¢tly 6 the tube
c@ntaining -the reaction mxture and t he tube positionedin a.- :

eht i ng/ cool ing bl ock of a thernal g ii The sane fiber-optic | ead was
+d to return fluorescent em ssions 5 k to the spectra-fl uoroneter,
ere the val ue corresponding to enmtted fluorescence was. read. Wth this
ar#angenent the generation of anplification products can be nonitored
while the reaction is in progress as evidenced by the data in Fig. 1.
Since the signal generated by the bi.nding agent can be detected wi thout
having to open the reaction t ube, the signal can be nonitored throughout

bef ore, duringggand i hrat us for
detecting a si e P p as
follows: a Spe | uo sory ( Spex
Catal og No. 1 wa a
bandwi dt h of aFM oxi
o
o)
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o <
-
i
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tol l ected through the oi

thermal cycler was progra

m nut e each, for 30 cycles,
The fluoroneter and thermal
paranmeters of the fluoronete

integration tine; the em sg
light to control for changsd

wesr e v -

RO PO - 2 R

T RN o

5
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3
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%
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%
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;.4 nm A GG 435 nmcut off filter was used tdgéég?ude second order |ight
‘Purchased from Mel l es-Gri st

m wi th a bandwi dth of approxi mately ‘13./6 nm *A-0G530 filter {530 nm cut
£f) was used.to renove excitation light. “ The reaction tube, a 0.5
pol ypr opyl ene tube, contained 60 ng human male DNA. The top of the tube
s cut away for attaching the fiber-optic cable. The fiber-optic cable was
Plued to the top of the reaction tube with epoxy. The em.ssion I'i ght was

Inc.). The.- en155|on light’' was ‘detected at 570

overlay in the tube. A bl ack "shroud" was built
around the tube and the rﬁigffﬁf—MES sH-aceg—+r—trhe—thermraty cycl er. The
q5tC

0 50[err]C for 1

fol | on at 25[err]C.
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: 1//'3
gaccordance with the present invention, .an apparatus i-s proviéded for

Q@ -tine detection of the anplificatign'ef milti-ple anplification reaction

it ures, sinultaneously. Each reactioni m xture' contains a target nucleic

;3d sequence. Thus, using a thernmal cycler (e.g., a thermal cycler

ercially avallable from Perkin El mer Cetus Instrunents) havi ng a )
{tlng and cool ing bl ock capable of holding up to 48 reacti on tubes, for
hnpl e, 48 anplification reactions can be carried out and. PCR

pl i fication product in all 48 sanples detected sinmultaneously w thout _
hdl i ng the sanpl es, -opening tubes, or interrupting the cycling reaction.

b nunber of reactions nonitored sinmultaneously is limted only by the

pacity of the heating and cooling block. Thus, with a 96 well heating and
bl i ng bl ock,
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- 96 anplification reactions can be nnﬁi qﬁed and the anplification
duct detected sinultaneously. As in:the anpl e case-describhed above, it
ul d be understood that although the enbodi hents di scussed bel ow are
cribed in conjunction with PCRs and signals generated by a specific
fliuorescent binding agent indicative of anplification of a target DNA
sequence in certain exanples, these enbodi ments can be used with other
anplification processes or binding agents such as those sunmari zed above
and disclosed in U S. Patent No. 5,210,015 to Gelfand et al. which is

her eby incorporated herein by reference. '
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first enbodinment of the nmultiple anplification reaction m xture
ction apparatus, a suitable optical system noves the excitation |ight
a source to nultiple reaction tubes:.that are-positi.oned LW & thernmal
fer and Aeasur.es the enm ssion |ight fron1each tube Such an- @ptdcal

he PCR tubes undergoing thermal cy@/ifg. Only a single fluoroneter is

dHed to read fluorescence fromthe reacfion tubes, as each fiber-optic

can

PCH

be read rapidly one at a tine, for exanple, during the tine frame of a
tenperature soak (e.g., an annealing/extension interval such as the

I nterval between a-c illustrated in Fig. 1A). It will be apparent to one

ski

to B

anpﬂ

led in the art that such a detection systemis not necessarily limted
particul ar thermal cycler machine or reaction vessel. The '
I fication detection arrangenents incorporate fiber-optic |eads to

trapsmit excitation light and fluorescence emissions. So |long as the
reaction wells, or tubes, are light-sealed to prevent external |ight
souyces frominfluencing fluorescence detection, any over plate, tube cap,

or

I d apparatus that conprises or can be attached to a fiber-optic lead is
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t abl e. I.n one enbodi nent of the |nvent10n// e reaction tube lids can be
foved to accommpdate the fiber-optic; -Howeveri--use of -a reaction vessel

It has a clear or translucent cap el fninates the need to insert the cable
§0 the tube. It will be apparent that reaction tubes capabl e of
@ommodating a fiber-optic cable, without the cable physically contacting
 © anplification reaction conponents, are desirable. Referring to

_ 2, a further enbodi nent of an apparatus for real-tine detection of the
plification of nmultiple target nucleic acid sequences, sinultaneously, is
* shbwn and designated with reference nuneral 10. This enbodi nent

: adyant ageously elimnates the need for the light input and fl uorescence

i put fiber-optic | eads descri bed above and t he acconpanyi ng probl ens
asgociated with coupling the fiber-optics to the reaction tubes. As

di scussed above, apparatus 10 will be described in conjunction with PCR
anplification of a DNA target sequence using a fluorescent binding agent
sipnal generator for purposes of sinplification, but is not intended to be
limted to use with such an anplification process, nucleic acid or
anplification si%ggl gener at or . '
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444
| 5- “Apparatus 10 generally conprjses a-thermal cycler, 12 for
hegti ng and cooling reaction chanber tubes; or yessels 26 (prel odded with
theé nucleic acid(s) to be anplified), l|aterall{y. Spaced excitati-on |ight
sources or 1anps 14, imaging device 16 (conprising CCD canera 16a, canera
cohtroller 16b and cool er 16¢), and image processor 20, which can be a PC
wth a frame grabber card such as the PC VI SION PLUS commercially avail abl e
fromITEX Inc. and an | EEE 488 interface card. These elenments are shown in
bl pck diagramin Fig. 4.
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ganough thermal cycler 12 is conventional in @gyéfzuction according to the
*;“ erred embodi nent, a .sumary .of cerLaln features of thermal cycler 12 is

‘ﬁ nfention. . . Thermal cycler 12 |ncludes a heat exchanger 22 for
the;tlng and cooling reaction tubes 26. Heat exchanger 22 is a

ihett conducting bl ock, preferably alum num having a plurality of recesses
‘24:fornmed thérein and sized to allow a given nunber of reaction tubes 26
(e g., O. 5 m Eppendorf tubes) to fit therein. The purpose of heat
exehanger 22 is to support reaction tubes 26 and to act as a heat exchanger
to:transfer thermal energy to and fromthe fluids stored in the tubes such
that the reaction conponents may be incubated at various tenperatures for
usér-defined tinmes. Thus, thernal cycler 12 also includes a system for
heating and cool ing the heat exchanger and neans, such as a conputer
system for controlling the heating and cooling systemto heat and cool the
heat exchanger and reaction tubes as is conventional in thglé The user
prograns the ?ﬁgﬁuter or neans for controlling the heati ngKkgnd cooling of
heat exchangg d reaction tubes to a desired tenperature prof50eM
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sgch as that illustrated in Fig. 1, through dlgﬁﬁﬁéﬁieyboard user interface
2 The heat exchanger (heat conducting bl'ock)’, means.for heating
ahd cooling the heat exchanger and mears for controlling the ‘heat'i ng and
cooling of -the heat exchanger as well as the entire thermal cycler, can be
constructed in accordance with U S. Patent No. 5,038,852 which is hereby

i ncorporated by reference herein. Suitable thermal cyclers are commercially
avai |l abl e such as the GeneAnp PCR system 9600 thermal cycler (Perkin-Elner,
Norwal k, Cl) depicted in Fig. 2. It should be understood, however, .
that other devices for heating and cooling the prel oaded reaction tubes can
be used without departing fromthe scope of the invention. It is only
necessary that whatever device is used for heating and cooling the reaction
tubes, be capabl e of reaching and sustaining the tenperatures involved and
achieve the desired tenperature versus tinme profile. Thus, for purposes of
nucl eic acid anplification, such a device should be capable of cycling the
tenperature of the anplification reaction m xture
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- bet

- 80-1
tenp
- 16_
known

274,

en a denaturing tenperature T[err] (mhlch caﬁfa ”n the range of about
[err]C and preferabty 90-100[err] Gy &nd an an eallng/extenslon

ature T2 (which can be in the range ‘ :

of about 30-90[err]C and preferably 50- 70[err](3 where T1 > T2 as is
to those skilled in the art. Cover block 27, including handle
s slidably coupled to the heat exchanger for covering or uncovering

heat fxchanger 22 as is conventional in the art. Cover block 27 is
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TRuintained in the latter position as shown in l—/% during the -

4 3nplification/detection process of the present .invention enbodied in Fig.

¢ § This pernmits canera 16a to receive the fl uorescence signals enmitted from
i Within the-anplification reaction tubes. Thermal cycler 12 also is

¢ provided with a neans for sending put data indicative of the heat
éxchanger or. anplification readtiSdmr ture tenperature profile, such as
rycl e number, terrperature and w8
RS232 bus for t rangm )

o] |nage processor 20 over |ine 30. An
gaga |s prow ded with.-a GeneAnp PCR system

600 thermal cycler, for exgmpte—tEb—di-sptay panel 28a al so displays such

ut put data to thejuser durG P@_%ngg%ﬁﬁ CCD-canera 16a is

osi ti oned above hgat excha T | rleaction tubes to collect

| uorescence signalls emtted from tlhe reacti on m xtures through the upper

nds of the tubes gs the I Xtures is cycled by device 12
uring anplificatiqgn. It FQNFRthERC mera 16a i s positioned as far

s is practical frgm heat S er to reduce parallax effects
n the fluorescence image

16a. However ,
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CLOSES SHUTTER

Y
, SEND ANALOGUE IMAGE
TO IMAGE PROCESSOR

|

IMAGE PROCESSOR

T3E):
A3

Q Q. O DTS ede>

'FRAME GRABBER |
DIGITIZES IMAGE SAVE DIGITIZED-IMAGE
T FOR SUBSEQUENT -
- : PROCESSING
IMAGE PROCESSOR b

- | ASSIGNS A GROUP OF
—| PIXELS TO AREA
' ENCOMPASSING ONE
REACTION TUBE

AVERAGE ALL VALUES
IN THE AREA TO OBTAN
A SINGLE FLUORESCENCE VALUE
Y

STORE VALUE

oS> FIG. 12

OUTPUT FLUORESCENCE
VALUES

RETURN

- This Sheet Has' Been R

TN




174
canera 16a must be sufficiently close to.the heat/;xchanger and reaction
tubes to mnimze background noise fromother:light sources and so that
sufficient light fromreaction tubes 26 can be captured by the canera. It
has been found that an optinmum di stance d, between the heat exchanger 22
and canera lens 46, which is directed toward the heat exchanger, is in the
range of about 6 inches to 5 feet depending on the |ens used. For exanple,
d preferably is about 2 feet when a 70 mmlens is used. A .band pass
interference filter 48, preferably i& 600 nn1fi|ﬁ g, is placed in front of .
the lens to limt detecti t ®06he desired mavel% gth, since the
fl uorescence of i nterest ‘Has v oEe=—Q =600 nifa’ Referring
to Fig. 2, canera 16a i £ Al phot ogpaphi ¢ copy
stand 32 for positiop ¥d reaction

tubes 26. Copy st 2, a 2 , / A 3 ichis
supported in braeket L& LRG0 ke 1 ot h), e urface 38 which

‘ e et hes ZS|/rTtolh VP ertical

A knob 42

;

7777777
o
H
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nénber 40 in a fixed position as is conventionaf&?zéghe of ordinary skill
Canera bracket 44 has oné end secured to slide menber 40 and another end
secured to canera 16a. Thus, the height of canera 16a can be adjusted

t hrough slirde menber 40 to the desired hei ght above the heat exchanger and
reaction §ubes. Canera 16a preferably is a conventional conputer-

-17- control.led, cooled CCD canmera. Cooling fluid is circulated through
canmera 16a through multiconduit line 50. The canera is preferably cooled in
order to provide higher uality

100+
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images with | ess noise. One suitable canera is a CCD canera conmuﬂtiéfﬁy
avai l abl e from Photonetrics (Tucson, AZ) under the nane STAR 1. It uses a

t hermoel ectrically cooled CCD array with a 12-bit per pixel resolution. It
al so permts exposure tinmes to be varied to change sensitivity to the

fl uorescence being detected. An | EEE 488 bus (designated with a reference
nunmer al 58) between canera 16a and i nage processor 20 is provided so that

i mage processor 20 can control the exposure of an inage of the reaction
tubes and the tine period in which the image.is taken. Referring to
Fig. 4, two UV lanps 14 are laterally spaced about the optical path between
canera l1l6a and heat exchanger 22. It is only inportant in this regard that

| anps 14 are sufficiently close to canera | ens 46 so that their housings do
not interfere with the optical path between all of the reaction tubes and
camera lens 46. To this end, |anps 14 can be suspended {@% canera bracket
44 via bracket 52.- Lanps 14 also are parallel to the heptlymatateanger so that
excitation light.-is provided to the reaction tubes in a uniformggnner.

Li nes 54 exted80from | anps 14 and are adapted to fit in a ijaﬁdgwey§@5 voIt
wal | socket for < S ~~ 50U
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PBE OVi .1he desired. power . to the Iarrps The wavel ength of UV Ia%s 14 is
sel edt ed RERefding e the re§ui rerrlents of- the puCTgi.¢ acid fluorescent -
" bi ndiifQ regenticn For: exanp1 gre802.nm i s a desi rablg- avel. engt h' f or, ‘exci t at’ |;on-=
of et di.um:hbr om : i ahieﬂ5302 nm m d- range W lanpis comTerC|aIIy '
avai | able.fr t:8qa Lnc. ! (Sam ®abriel ,,CA) ‘under the arre ?;
Chrorra4Vu The 1 nage. Iaken' by canera 16a¢|s transmtted o i'mage ®
processor.- 20. vi. a. I.ime 56 which, when using the STAR 1 'system as*di scussed.
above,-i-s-an RS 170 [ine’ ™ I"I'\'/a;cj'é ‘processor 20 includes a frame grabber for
formng digital inmages from canera data on |ine 56. AIthough camesdl 16a
I ncludes a 12-bit dlm%%& ) ; bl era i s used-
wher e i mage processor I mage processor' a case, the
i mge processor 20 .includes the frane grabber to create 8-bit digital

e o o PR S e g oo B B SR
out put dat andimoere Particulardy meziamd monitaringraf geulple mslemracm:ﬁpiﬁcpnm/mdcduys.
simultaneously. The invention also relates to a method for using the accumulated data to
quantitate the starting concentration of a target nucleic acid sequence provided in one or more
 of the mixtures and monitor the effect of amplification reaction conditions on the reaction
kinetics.

+

Various methods for dctectirixgnixcleic acid amplification are known. A number of
assays are known which quantitate the number of starting DNA templates in a polymerase
chain reaction (PCR), for example. Some involve the measurement of PCR product at the
end of temperature thermal cycling and relate this level to the starting DNA concentration.
Such an "endpoint” analysis, as has been .typically done using PCR, reveals the presence or
absence of target DNA but generally does not provide a usable measure of the starting
number of DNA targets.

Other assays involve the use of a competitor amplification product whose template is
added at known concentration to the reaction mixture before thermal cycling. In competitor-
product protocols, an aliquot of the amplification is examined by gel-electrophoresis. The
relative amount of target-specific and competitor PCR product is measured; this ratio is used

- tocalculate the starting number of target templates. The larger the ratio of target-specific
- product to competitor-specific product, the higher the starting DNA concentration.

In addition to requiring "downstream" processing, such as hybridization or gel
electrophoresis, these other assays are more limited in dynamic range (i.e., sensitivity to a
range of target nucleic acid concentrations). In competitor assays, the sensitivity to template
concentration differences is compromised when either the target or added competitor DNA is |
greatly in excess of the other. The dynamic range of assays that measure the amount of end
product can also be limited in that at the chosen number of cycles some reactions may have
reached a "plateau” level of product. Differences in starting template levels in these reactions
are therefore not well reflected. Furthermore, small differences in the measured amount of
product result in widely varying estimates of the starting template concentration, leading to

great inaccuracy due to variable reaction conditions, variations in sampling, or the presence
of inhibitors.
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the processor with the tenperature profile, time, and cycle of the
anplification in progress. In this manner, processor 20 can be programred
to send a trigger signal via line 58 to canmera controller 18, which
controls the opening of the shutter for camera 16a, at preselected tines
during the course of anplification. |mage2pfocessor 20 includes a | EEE 488
bus card for.connunlcatlng with | EEE 488 |ine 58, to control canera 16a.

User nterface ORI RbRFR PSP IBEHT isaoarupl e P eficiog gt oTRf of

appar at us 10d1fferq:moomﬂeohsm thevfinal yield and speuﬁcxty of PCR product. In order to obtain
information throughout amplification, many replicate samples are placed in a thermal cycler
so that each can be removed from the thermal cycler at a different temperature cycle. The
removed tubes then are analyzed by gel electrophoresis as a function of cycle number. Asis
apparent from this description, such optimization is complex and time-consuming in that it
requires numerous sample manipulation steps as well as downstream electrophoresis
analysis.

'Any assay intended for large-scale (e.g., clinical) use should not only be feliable, but
should be simplified as much as possible in order to facilitate its automation. Thus, there is
a need for an apparatus and method for collecting data indicative of nucleic acid amplification
that can be used, for example, to quantitate sample starting concentrations and optimize
reaction conditions, that provides reliable results and is suitable for automation.

| The aim of the present invention is to provide a nucleic acid amplification detection
method and apparatus which makes possible to monitor the amplification of multiple
amplification reaction mixtures, simultaneously in real-time, and which thereby makes
possible to overcome the problems and disadvantagcs of the prior art.

According to the i mvenuon this aim is achieved by providing an apparatus that is
characterized in that it comprises: .

a thermal cycler including a heat conducung member having multiple recesses formed
therein; and

a sensor arranged for detecting light emitted from said recesses, simultaneously.

In a preferred embodiment the apparatus according to the invention it further comprises
a light source ppﬁcally coupled to said thermal cycler and arranged to distribute light over a
Portion of said heat conducting member having a plurality of said recesses formed therein.

In another preferred embodiment of the apparatus according to the invention said
recesses of the heat conducting member of the thermal cycler are formed through a surface
thereof for receiving reaction vessels containing a nucleic acid amplification reaction
mixtures; and said sensor is an imaging device optically coupled to said heat conducting
member for generating an image of said surface and reaction vessels when said vessels are
disposed in said recesses of the heat conducting member.

In a further preferred embodiment of the apparatus according to the invention said heat
conducting member of the thermal cycler has multiple recesses formed therein and adapted

- This is the replacerment shast
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Multiple reaction tubes 26 each containing a reaction m xture (e.g.,

nucl eic acid(s) to be anplified, a thernostable . enzyne to catal yze

pol yneri zation, specific oligonucleotide priners, and four different

nucl eoti de tri phosphates) are placed in heat exchanger block 22 (Fig. 3).

The reaction tubes -can be sealed with eodventional caps, a vapor barrier

~mneral oil or Ampliwax[err] brand sealant. The thermal cycler is
activated apg rédetvimgmiclei¢ acid ainplifisationineactommixtares,candahle apparatas furtherr eact i on

tubes, are ener ed. Responsive to a signal fromcanera controller 16b,

camera 16a € %ﬁ?@Hés an i mage of all of the reaction tubes 26 which imge

reflects the vaahousing pnsisionedovdrisaidrhesiondectiag mamberiand coupled to said th

anneallng/eééf ion phase of a cycle. This analog inage is sent to the

i mage processSor’ where the frame grabber digitizes the imge, since it has an

anal og/ di gi tal @8elepuEe amanged to emit light inaidhqusingiapd doward saidgecassrshand
di gitized i mageg dichiit mikdr pagitdohed fosaiciougingand aBdN&Hai@ﬂQ@.#&s said dichroic

arrpllflcatlons The processaor vera s the |nt Sj t t ed from
each reacti BT m g‘&ﬁﬁﬁﬁ Eéﬁé‘p ?ﬁ?ggé g&hth

normal i zes tdmo_n@wamlengthﬂwdﬂctdmgmmdgﬁrmmkngmsam@l e fluorescence vaI ue
for each reacti iy (RE bellifarPRE IRt iV @Rght reflected from said second surface of said

dichroic mirror.

In a further preferred embodiment of the apparatus accoi'ding to the invention said heat
conducting member of the thermal cycler has multiple recesses formed therein and adapted
for receiving nucleic acid amplification reaction mixtures including a nucleic acid sequence
and a fluorescent binding agent and the apparatus further comprises

a housing positioned over said heat conducting member and being coupled to said
thermal cycler; .

a light source arranged to emit light in said housing;

a sensor arranged in said housing; and

a dichroic mirror positioned in said housmg and above said recesses, said d1chro1c

 mirror being transmissive to light having a wavelength corresponding to the wavelength of
light generated by the excitation light source and reflective to light having a wavelength
carresponding to the wavelength of fluorescence emitted from a nucleic acid amplification
mixture, including a fluorescent binding agent, when that mixture is disposed in one of the
recesses formed in the heat conducting member and exposed to light from the excitation light
source, said mirror be oriented to form an optical path between said recesses and said
Sensor.

In one embodiment of the apparatus according to the invention, a CCD-camera detects
the accumulation of double-stranded DNA (dsDNA) in each of multiple polymerase chain
reactions, simultaneously, using the increase in the fluorescence of a detectable fluorescent
dye initially introduced into each amplification reaction mixture. The fluorescence results
from the fluorescent dye binding duplex DNA. This embodiment advantageously eliminates
the need for fiber-optic leads and the accompanying problems associated with coupling the
fiber-optics to the individual reaction mixtures. |

According to another aspect of the invention, the optical system that moves excitation
light from a source to the multiple reaction mixtures being amplified in a thermal cycler,

which forms part of the apparatus, is configured to provxdc excitation light to the reaction
This is the replacement sheet
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process is discussed belowin nore detail in connection with Figs. 8A-C
This is repeated for each cycle of the anplification process. The
normal i zed fl uorescence val ues are saved to a conputer spreadsheet for
subsequent anal ysis and graphing. These nornalized fluorescence val ues are-
further processed to determi ne the initidl-ambunt of the target nucleic
acid sequence (i.e., the starting nunber of target nucleic acid tenpl ates
before anplification) or to analyze the effect of anplification reaction
condi ti ons on rhixgirdsiim @ uhifermohanner: Thatis.itheeptcal system pdaniss ¢xgifatifindightwiben of

the fluoresce &E&n&ﬂ%@u@ﬁﬂg laikbribua o@%@&@ﬁﬁ‘a‘l%&é’l& IRhEREhang e SRhd 28% above,

Is provided b e f.imn eac ra ex osure tp th mtted
fl uorescence fainiﬂ‘ﬁc%WI“aﬁ@“o‘Pg‘Bﬁ%&Sﬂvesﬁs?FGEﬂf ﬁ‘?ﬂﬁc&‘t"@ﬁ’@ Loccurs

at the anneal i ng/ ext ensi on phase of each cycle |n an arrpl i fication process
under goi ng t her malWidythisi apparétes, ghe, fluoesscénet data edn be eolledted antiysed rochjuiaititateithe t he

LS % SRS g il

the cycle becaaweple H@?W@UWWB &nﬁ%'{estaﬁep’%‘f‘ FAHonZPASUSH BHAES

during this ir{aehyadknb@s codceinttion of a sjeeifiemacisic aefd sequence. The other reaction
mixtures include the same specific nucleic acid sequence in differing but known
concentrations. The amplification reaction mixtures of known and unknown nucleic acid
concentration are thermally cycled in parallel for multiple cycles. The fluorescence emitted
from the reaction mixtures is monitored in real time and the number of cycles necessary for
each reaction mixture to flucresce at a certain intensity value determined. The number of
cycles necessary for the mixture of unknown nucleic acid concentration to reach that value is
compared 1o the number of cycles necessary for the mixtures of known nucleic acid
concentration to reach that value to obtain the initial quantty of said specific nucleic acid
sequence in the mixture of unknown concentration.

It has been found that sensitivity to a range of target nucleic acid concentration of at
least six orders of magnitude is possible because the amplifications are monitored in real-
time. In addidon, sensidvity to as few as 100 ssDNA templates in the back'ground of
40,000 cell-equivalents of complex genomic DNA can be obtained.

The invention further advantageously provides a way to process the fluorescence data
to reliably analyze the effect of different reaction conditions on the amplification kinetics.
Since multiple amplifications can be monitored simultaneously, the effect of many different
reaction variables can be assessed rapidly. This is useful in optimizing amplificaton
reactions for optimum yield and efficiency.

Real-time monitoring also gives the advantage of detecting instances of partial
inhibitdon of PCR, which can greatly affect the ability to quantitate accurately. As shown in
Fig. 10D, these instances can be detected by their reaction profile so that these samples can
be repurified and tested again. In addition, instances of total inhibition, which might
otherwise lead to the false conclusion that there is no nucleic acid target in a sample, can be
detected in that there is the expectation that given enough cycles, even PCRs without target
DNA will produce fluorescence that is due to nonspecific amplification products. If such
fluorescence is not seen by the expected cycle, the presence of inhibitors can be inferred.

A further advantage of the present invention is that the need for additional time-
consuming manipulations to determine the yield of many reactions at the end of the
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mat eri al bei ng made. However, as other data throughout the reaction can be-
useful in analyzing the entlre course of the anplification, it should be
understood that it nay be desirable to collect nore than one image per
cycle. For exanple, each image can be taken 20 seconds after the

anneal i ng/ extension-tenperature is reacked as indicated by reference
character b in Fig. 1A In this exanple case, when the annealing
tenperature is 68[err]C, processor 20 sends a signal, 20 seconds after the

68[err] C tenpgl Cﬁﬁéﬁ&on‘@cﬁtﬂﬂh@@tmsbﬁch% M%@@mﬁﬁ‘h Bfidization\@/geRS232 | i ne
30, to canmera controller. 16a to ”'%ﬁgﬁ[\ the canera shutter (not shown). The

exposure ti melecFRPRATFYS: for SAAmBlS; is 2% to application as woul d be apparent

to one of ordinary skill. The triggeri event to open the canera shutter
obvi ously Although the non-fiber-optic cmbogxmem of the present invention illustrated in Figs. 2

and 3 has numerous advantages as described above, the sensor, which preferably is a video
camera, is positioned a significant distance from the reaction mixtures in the heat-conducting
member to minimize parallax. Accordingly, the light source also is significantly spaced from
the reaction mixrures in the heat-conducting member in order to provide uniform illumination
and avoid interference with the sensor’s vision. This arrangement generally requires a _
significant amount of space which, in turn, may require an entire darkroom to be allocated to
the apparatus. However, many clinical labaratories do not have darkrooms or additional
space to allocate to constructing a darkroom. Although X-ray rooms, which can readily be
found in clinical laboratories, can provide a suitable environment for the optical paths of the
excitation light and fluorescence emissions, the space in these rooms is essentally
completely allocated to X-ray equipment.

According to a further embodiment of the present invention, an excitation light and
flucrescence sensing configuration is incorporated into the apparatus so that the optical paths
of the excitation light and fluorescence emissions can be folded to make the apparatus more
compact and to simplify enclosing the optical paths in 2 light-tight environment. In this
manner, the apparatus can be readily used on the bench without the need of a darkroom.

According to this embodiment, the apparatus for monitoring multiple nucleic acid
amplifications simultaneously includes a thermal cycler having a heat-conducting member
that includes multiple recesses formed therein for receiving nucleic acid amplification
mixtures. A housing is positioned over the heat-conducting member so that a light-tight
chamber is formed. A light source is arranged to emit light in the housing chamber to excite
amplification mixtures disposed therein. A dichroic mirror is positioned in the housing and
above the recesses. The dichroic mirror is transmissive to light having a first wavelength and
reflective to light having a second wavelength that differs from the first wavelcngtfx. In'the
preferred embodiment, the mirror is a low pass dichroic mirror. The mirror is constructed
such that it is uansparént or transmissive to light having a wavelength corresponding to the
wavelength of light generated by the light source and reflective to light having a wavelength
Corresponding to the wavelength of fluorescence emitted by the amplification mixtures when
exposed to the excitation light. Alternatively, a high pass dichroic mirror can be used. In
that case, the mirror is reflective to light corresponding to the wavelength of light generated :
by the light source and transparent or transmissive to light having a wavelength
Corresponding to the wavelength of fluorescence emitted by the amplification mixtures when
€xposed to the excitation light. A sensor also is arranged in the housing for sensing
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- 19- can be done manually with the operator nonitoring the tenperature
and tinme output data displayed on display 28a. The CCD-canera suns
up the light received during the exposure and produces an inage indicative
of the fluorescence of all of the reaction tubes in the heat exchanger at
that tinme interval. This image is sent ov@r-line 56 to i mage processor 20.
Moni tor 62, which is coupled to processor 20, can display three w ndows

| abel ed 64A-C Iin Fig. 5. Wndow 64A can nonitor the camera' s view and

Eposur e cont Pt O e A R A R/RH PRFL IS A PACERSBIFERE es ¢ he

manual sel ect aroangementi e pensen i arrasiged eereceime) Suorescorcere featedsirom ¢es myirror.

averaged as disgevSsl tRehighbass Wibklmddt Chaicairas 1k oﬁﬁggeﬁﬁohé J}en%fswe

conput er operating system The processor digitizes the I mage and di splays

R Rl T T T Ol EETREI 1 A HE TR

' relatively close to the heat-conducting member, e.g., from about 6 to 12 inches therefrom,

thereby permitting the optical paths of the excitation light source and the fluorescence
emissions to take up 2 relatively small amount of space. The compactess of this
arrangement facilitates enclosing the optical paths in the housing, which is coupled to the
thermal cycler to effectively form a light-tight chamber or darkroom for the excitation and
amplification mixture emission light. In this manner, the apparatus can be used most
anywhere, without the need for dedicating a darkroom to the apparatus. The housing further
advantageously prevents extraneous light, such as light emitted from monitors used with the
apparatus and LED's associated with the thermal cycler and computer equipment, from
reaching the sensor.

A further advantage of having the sensor positioned vcry close to the heat conducting
member in which the nucleic acid amplification mixtures are to be disposed is that sensitivity
requirements of the sensor can be reduced. Since the sensor is moved closer to the heat-
c'onducxing member, the intensity of the light that is emitted from the reaction mixtures and
reaches the sensor increases. _Accordingly, when using a CCD camera type sensor, as in the
preferred embodiment, a less expensive CCD camera with acceptable low light response and
low thermal noise can be substituted for a relatively expensive, cooled CCD camera which is
generally required when sensitivity requirements are greater. -

The close proximity of the light source to the reaction mixture recesses also provides
advantages. By moving the light source closer to the reaction mixture recesses, the intensity
of the excitation light, which reaches the reaction mixtures that are placed in the recesses,
increases, thereby increasing the intensity of the fluorescence emissions. In this manner,
smaller concentrations of the target sequence can be detected at an earlier stage of thermal
cycling. In addition, some of the increased fluorescence can be traded for better wavelength
resolution by using a filter with a more narrow band pass. In this manner, a broader range
of wavelengths can be detected and labels with very close wavelengths can be distinguished.

According to another aspect of this embodiment, a shutter is coupled to the light source
to intermittently expose the reaction mixtures to the excitation light. Preferably, the shuter is
timed to expose the mixtures to the excitation light during the a.nncaling/cxtcnsion;hasc
where maximum fluorescence generally can be exhibited. This éonﬁguration reduces the

‘mixture or sample exposure to the excitation light, which can be very intense due to its close
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reaction tube. This can be acconplished using a nouse to draw boxes around
the portions of the digitized imge of a reaction tube 26 in w ndow 64B or
using a programthat |ooks at the fluorescence of each pixel to determ ne
whi ch pi xel s belong to which reaction tube as woul d be apparent to one of
ordinary 'skill in the-art of conputer gfaphtcs. This is illustrated in Fig.
6, where a 6x6 pixel array enconpasses the inage of a single reaction tube
26. It should be understood that this array size has been selected nerely
for purposes pioxiignp the heatcantiadting niverbenr Byininimi-dsg sampldexposird to'ihé Btitation

departing froﬁ#rf;h@méﬁ fafly is'UP¢ 1l Vﬁt'ﬁtdaﬂge ?F&@%Wien S 468 shuttrer | 3 %%ggf;

i nsi gni ficant uores nce’ and C espon scence €
the upper sur S¥SE8E RsFfofRANCAE mncg,gglﬁgﬁggpcs mmwmsmnmmghtcan

i ndi cate the gausé phon-dtadtivaiononte saabRoviich isaoﬁzman@q@xomwl"bﬁﬁémg"and
correspond to the fl uorescence emtted fromthe center of the reaction tube

whi ch d A
{1 Uor eacence. on (40 Re &3 el A6peB) St UlpBhege ¥ peliH S RoRRoncA peeraste
Of course, t hdiskro E:ﬁ@EPﬂf@‘&ie@Wﬁame&s@aﬁﬂﬂyhmnt act ual

val ues, but are nerely exenplary.
A further advantageous feature of the invention involves a heated window which is

provided immediately above the heat-conducting membeér and can actually be placed on the
tubes containing the amplification mixtures. The heated window prevents heat loss from the
reaction tubes, helps maintain the desired thermal cycling temperature profiles of the
mixtures and minimizes reflux, while permitting the transmission of light therethrough.
According to the preferred embodiment, the heated window is maintained at the denaturation
temperature which is generally about 95-105°C.

A filter or wheel of filters preferably is coupled to the sensor so that the sensor can
selectively detect light of different waveléngths The filter(s) also can prevent excitation light
from reaclung the sensor. By using a plurality of filters, which can be arranged on a filter
wheel, the filter can be readily changed during a particular annealing/extension phase, for -
example, so that emissions of different wavelengths, for example, from different
homogeneous nuclease probes (described below), can be monitored. Different emission
wavelengths and, thus, nucleic acid sequences in a given sa.mple can be monitored and the
presence of the target sequence determined.

In addition, the high sensitivity of the system permits very accurate detection of
fluorescence that is produced using a homogenous assay system such as that described in
U.S. Patent No. 5,210,015 to Gelfand gt al. which is hereby incorporated herein by
reference. This assay system uses the 5' to 3' nuclease activity of 2 nucleic acid polymerase
to cleave annealed, labeled oligonucleotides from hybridized probe target duplexes and -
release labeled oligonucleotide fragments for detection. This assay is particularly useful for

. detecting multiple nucleic acid targets in the same amplification reaction mixture. Such
probes also are useful in confirming target nucleic acid presence when there are nonspecific
amplification products.

The homogenous assay uses such a probe whose fluorescence is normally quenched
by flucrescence energy transfer, or FET, to a second label. The 5' nuclease actvity of the
DNA polymerase separates the fluorophore from the probe and quencher, disrupting the
FET and restoring the fluorescence. No processing is required to detect this change, which
may be seen using the monitoring apparatus of the present invention that incorporates the
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| mage processor 20 then averages the pixel values in the array assigned to
t he area enconpassing the reaction tube to obtain a single fluorescence
value for that reaction tube for cycle 1 of the nucleic acid anplification
process. However, obtaining a single fluorescence value for each reaction
tube can be acconplished in other ways-s8ch as summ ng the pixel val ues.
The box outlining the 6x6 array and enconpassing the first reaction tube is

t hen noved to enconpass the next reaction tube where the pixel val ue '

aver agi ng stera;drﬁoxéame@taeﬁn na Fhe38 bobks, HABSISEWRE diffdréi flubrophéres, R@fibe
unt i | afluores e '.g ) een%% L,gnedto each tube for cycle 1.

Al ternativel y® %5 gp f’)fmc(&?}f 5?“ fl uorescence value for each
reaction tube 26 for a given cycle can be done as a parallel process. This
process of cal cul Jhe fallowing termsase wseddn this specificationathe accompanying defaitions are

repeat ed each peyided v Bididisclodtre Adibed thiast BiiitAfle RivERtRRS 1S conpl ete.

The term "target nucleic acid sequence” refers to a pun'ﬁed or partially purified nucleic
acid to be amplified.

The term "amplification reaction mixture" refers to an aqueous solution comprising the
various reagents used to 'amplify a target nucleic acid. These include enzymes, aqueous
buffers, salts, amplification primers, target nucleic acid, and nucleoside triphosphates.
‘Depending upon the context, the mixture can be either a complete or an incomplete
amplification reaction mixture.

The term “primer" refers to an oligonucleotide capable of acting as a point of initiation
of DNA synthesis when annealed to a nucleic acid template under conditions in which
synthesis of a primer extension product is initiated, i.c., in the presence of four different
nucleotide triphosphates and 2 DNA polymerase in an appropriate buffer (pH, ionic strcngth.
cofacrors, etc.) and at a suitable temperature.

The term "template” refersto a portion of the target nucleic sequence to which the
primer anneals. -

The above is a bricfdcscription of some deficiencies in thg: prior art and advantages of
the present invention.

Other features, advantages and embodiments of the invention will be apparent to those
 skilled in the art from the following description, accompanying drawings and appended
claims.

Fig. 1 graphically shows continuous, real-time monitoring of a PCR;

Fig. 1A is an enlarged view of the area within line 1A in Fig. 1;

Fig. 2 is a perspective view of the amplification apparatus in accordance with the
principles of the present invention;

Fig. 3 is an enlarged section of the thermal cycler of Fig. 1 to show the thermal cyclcr
heat exchanger block and cover therefor;

Fig. 4 is a block diagram of the apparatus shown in Fig. 2;

Fig. 5 shows examples of digitized images of multiple reaction mixtures;

Fig. 6 illustrates a selected pixel array for averaging to obtain a single fluorescence
value; This is the reptacement sheet
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- 20- At the outset, i.e., when heat exchanger block 22 is | oaded
with reaction tubes 26, a control tube 26C is also | oaded i nto one of the
wel l's 24. The purpose of the control tube is to provide a constant

fl uorescence source agai nst which cycle-to-cycle nmeasurenent variations,
due to mnor tenperature variations or-d®i$t in the excitation |ight
Intensity, for exanple, can be detected. In this manner, the fluorescence
val ue obtained for each reaction tube can be corrected to conpensate for
these variations according to the follgw ng. The contro]_ tube 26Cis
pre-1oaded with aFHig JWHWMQ“W&W°£‘%‘FE@S?WMrom de (EtBr).
Since the control Rigllga shows adultipleflustestendeprofilesi, there is no anplification

ot 3 coten A L R 1
excitation |ight i8&cshawp eeliclesmophonesisf thegmplificgdon products represented by the
profiles in Figs. 8A and B;

Fig. 9 shows the linear relationship between the log of starting tcmplate copies and the
number of cycles required to reach a selected fluorescence value;

Figs. 10A-D represent the effect of changes in reaction conditions;

Figs. 11-13 are simplified flow charts of the steps for obtaining the fluorescence
values; -

Fig. 14 is a perspective view of the amplification apparatus of the present invention
illustrating a further embodiment of the excitation light and emissions/fluorescence detector
arrangement in partial section; and |

Fig. 15 is an enlarged view of the excitation light and emissions/fluorescence detector
arrangement of Fig. 14 in partial section; '

Fig. 16 shows a transmissivity v. wavelength curve that is representative of a dichroic
mirror constructed in accordance with principles of the present invention; and

Fig. 17isa top view of a heating window for the upper pornon of the reaction mixture
containing vessels accordmg 1o the present invention.

The present invention involves nuclpic acid amplification and the detection, monitoring
and quantitation of amplification products. In order to facilitate understanding of the
amplification data collection and processing systcm of the present invention, 2 summary of
nucleic acid amplificarion processes especially suited for use in conjunction with the
invention will first be discussed.

Those of skill will recognize that the present invention requires amplification of the
duplex form of nucleic acid. There exist well-known methods for amplifying nucleic acids.

- The means for amplification are not critical and this invention will work with any method
where nucleic duplexes are generated. The various methods are reviewed in Bio/Technology
8:290-293, April 1990, incorporated herein by reference. They include, but are not limited
to PCR, LCR, QB and 3SR. Although 3SR and QB do not involve thermal cycling, the
result of their amplifications can be monitored by the fluorescence detect.ing arrangement
discussed below and analyzed in accordance with the pnncxples of the present invention.
Each methaod is briefly described below. S

PCR amphﬁcauon of DNA involves repeated cycles of heat denaturing the DNA,
annealing two oligonucleotide primers to sequences that flank the DNA segment to be
amplified, and extending the annealed primers with DNA polymerase. The primers
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a base line throughout the anmplification process. This is illustrated in
Fig. 7, where the fluorescence intensity of the control tube is plotted
over several cycles. Referring to Fig. 7, i[err] is the initia
fluorescence of the control tube and establishes the base line. At cycle 2,
the recorded intensity of control tube 2® Begins to drop off indicating
that drift in fluorescence is occurring. Thus, solid line 72 cycle 4
corresponds to apparent intensity values. For exanple, at cycle 4 when the

canmera col |-ects data in the al i ng/ ext ensi on phase aof t rth c cle,
the appar eht’ FURe BPotifrST E'Efﬁtq?gf 'F[EgESWPER‘}Féﬁ‘E E‘%’Pép?t]ﬂﬁ\xééﬁ‘ﬁh tion
factor i[ eby}hd polytheraseiproeseds sorossithe reiont bewekr thefpithersfeath sudcessivexsyclence -

:‘/glc?gf ;)t(;t g"sg@%q{ou?ﬂaékhgﬁﬁares ence%ﬁtﬁuesdt‘#ﬁ'l FF%Y‘Q%%%’E% 'S %ﬁgﬂa ed for

each cycl ethel qxpgmma!rapcumﬂeu@mfﬁm:spegﬁcmwcﬁamngeh@m¢ p§/amgmabbbﬂmxsr
[err] whereg ae'wﬁr&nissm& Bembet dricpéled. Iu%ﬁgﬁg&ge fttﬁlsqécrﬁl%g?%afé wkﬁ(&abe

and lferr ar ent Uor scence Vv con
HRENRAPPNE: qm;ehn&onea%rm e aBRlications B Erlich Hav Stgrkean PesssNo¥, ¢ ube

by, for examgke9gmveragi ng (as di scussed above) is nultiplied by the
correction value. The foregoing

“Taq DNA polymerase is preferred when PCR is used in conjunction with the present
invention although this is not an essential aspect of the invention. Taqg polymerase, a
thermostable polymerase, is active at high temperatures. Methods for the preparation of Tagq
are disclosed in U.S. Patent No. 4,889,818 and incorporated by reference. However, other
thermostable DNA polymerases isolated from other Thermus species or non-Thermus
species (e.g., Thermus thermophilus or Thermotoga maritima), as well as non-thermostable

- DNA polymerase such as T4 DNA polymerase, T7 DNA polymerase, E. coli DNA
polymerase I, or the Klenow fragment of E. coli, can also be used in PCR. Methods for
providing thermostable DNA polymerases are provided in International Patent Applications
with publication Nos.WO-A- 91/09950 and '

WO-A- 92/03556, which are both incorporated herein by reference.

l-?

The ligase chain reaction is described in International Patent Application with
publication No. WO 89/09835, which is mcorpora.ted herein by reference. The process
involves the use of hgase to join oligonucleotide segments that anneal to the target nucleic
acid. Ligase chain reaction (LCR) results in amplification of an original target molecule and
can provide millions of copies of product DNA. Consequently, the LCR results in a net
increase in double-stranded DNA. The present detection methods are applicable to LCR, as
well as PCR. LCR typically requires some means for detecting the product DNA such as an
oligonucleotide probe. When used in conjunction with the disclosed methods for detecting
amplification products, such means are unnecessary, and the LCR result is immediately
detectable. '

Another amplification scheme, Q-beta replicase, exploits the use of the replicase from
the RNA bacteriophage QB. In this amplification scheme, a modified recombinant
bacteriophage genome with a sequence specific for the targeted sequence is initially ligated to
the nucleic acid to be tested. Following enrichment of the duplexes formed between the
bacteriophage probe and the nucleic acid in a sample, QB replicase is added, which, upon
recognizing the retained recombinant genome, begins making a large number of copies.
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I's repeated for each cycle. Normal i zati on and quantitation will be
described with reference to data generated for a specific exanple case for
exenpl ary purposes only. That data is illustrated in Fig. 8A 1t should be
understood that the invention is not intended to be limted to PCR or the
particular anplification reaction m xturesilsunber of anplifications,
thermal cycler, tenperature profile, or interval in which the fluorescence
i mages wer e takéekh system teesapprequine primensequericenant thereyis sa hedt denaturatoon| y

)t QL ng?@mali R GRpe | ' idteniong in
gteg.rGtslsﬁgijO%é nt:‘aﬁ%‘%.o a t.Lé.él‘Ret nuc i@gﬁgﬂgiﬁg‘ ?éébtééﬁgéengéo uar??i’%t ate the
initial condewpmmmwly@atc{ghamefmgﬁa@tqwa strast for the {28 weplicasect i on

m xture \AherrﬁidwmtqqquMaél_g"Wgé ficteadd n)thé & 1éved thtoupk tHAQSE bf BRJ
in nore detail bel ow. 1 0...8A.shows the

] . | uorescence val ues_obt al ned
1 om ei ght FERERmd Fovicss e tisambGcAtAn Y Ster on s, fowdiin fhe TaternatanabRAR wi t h
the princi pl ggpliteden Piie N WO S7/06270 agd inleizami et al., 1988, Bio/Technology 6:1197-

1202.

The 3SR system is a variation of an jn vitro transcription-based amplification system.
A transcription-based amplification system (TAS) involves the use of primers that encode a
promoter sequence as well as a complementary sequence to the target strand to generate
DNA copies ofa target strand and the production of RNA copies from the DNA copies with
an RNA polymerase. See, e.g., Example 9B of U.S. Patent No. 4,683,202 and European
Patent Application with publication No. :
EP-A- 0 310,229. The 3SR System is a system which uses three enzymes to carry out an
isothermal replication of target nucleic acids.

The system begins with a target of single-stranded RNA to which a T7 RNA DNA
primer is bound. By extension of the primer with reverse transcriptase, a cDNA is formed, -
and RNAseH treatment frees the cDNA from the heteroduplex. A second primer is bound to
the cDNA and a double-stranded cDNA is formed by reverse transcriptase treatment. One
(or both) of the primers encodes a promoter, ¢.g., the promoter for T7 RNA poljmerase, SO
that the double-stranded cDNA is a transcription template for RNA polymerase.

Transcription competent cDNAs yield antisense RNA copies of the original target.
The transcripts are then converted by the reverse transcriptase to double-stranded cDNA
containing double-stranded promoters, optionally on both ends in an inverted repeat
orientation. These DNAs can yield RNAs, which can reenter the cycle. A more complete
description of the 3SR system can be found in Guatelli et al., 1990, Proc. Natl. Acad. Sci.
USA 87:1874-1878, and European Patent Application with publication No. EP-A- 0 329
822, both of which are incorporated herein by reference. The TAS system is also described
in Gingeras et al., in Innis et al. eds, 1990, PCR Protocols, Academic Press, San Diego,

- which is incorporated herein by reference.

According to the present invention, nucleic acid amplification is monitored by detecting
fluorescence emitted when fluorescent dye such as an intercalating fluorescent dye, provided -
in the reaction mixture, binds with the double-stranded nucleic acid during each
annealing/extension phase as the mixture is cycled between two temperatures (thermal
cycling). )
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-21 - cycling for fifty-five cycles with the CCD-canera. Thus, these val ues
represent the values obtained for each reaction tube (e.g., by averaging
t'he respective pixel arrays) corrected for occurrences of measurenent
variations (e.g., drift) as discussed above. In this exanple case, seven
reaction m xtures contai ned known concent _l%t'i ons of a specif :p DNA t ar get
sequence (i.e., ,a.known.gyantity aqf starting sanple) to facilitate .
quantitation of AR “??%FQ/W@"*&%M“&W_ pRen,QL Feet nygieiciacidy | hed
in nore det Suitalileintercalating agerghondyes irclude, burarenotdinicsd tb&tl?%’htﬂlﬁdﬁnﬁdtd served
as a contro G 2SniaR B r i r.mat e.seyen. .
-anmplificati hﬁgg g%gfﬁlknovvn Eé{r%g%(%gﬁ/ea?g&ilhg P%ﬁg?'éﬁml}g‘(‘gg %n%g??mlh °h_lpn°m°' ]

daunomycin, chloroquine, distamycin D, chromomycin, homidium, mithramycin, ruthenium

polypyridyls, anthramycin, methidium bromide, 2-[2-(4-hydroxyphenyl)-6-benzimidazole-

- 6-(1-methyl-4-piperazye) benzimidazole trihydrochloride and the like.

* Fluorophores and DNA binding chromophores described in the art are suitable for
use in the 5 to 3' nuclease assay disclosed in U.S. Patent No. 5,210,015 are also useful in
the present invention. Suitable donor fluorophores and quenchers are chosen such that the
emission spectrum of the donor fluorophore overlaps with the absorption spectrum of the
quencher. Ideally, the fluorophores should have a high Stokes shift (a large difference
between the wavelength for maximum absorption and the wavelength for maximum
emission) to minimize interference by scattered excitation light.

Suitable labels which are well known in the art include, but are not limited to,
fluoroscein and derivatives such as FAM, HEX, TET, and JOE; rhodamine and derivatives
such as Texas Red, ROX, and TAMRA; Lucifer Yellow, and coumarin derivatives such as
7-Me2N-coumarin-4-acetate, 7-OH-4-CH3-coumarin-3-acetate, and 7-NH2-4-CH3-
coumarin-3-acetate (AMCA). FAM, HEX, TET, JOE, ROX , and TAMRA are marketed by
Perkin Elmer, Applied Biosystems Division (Foster City, CA). Texas Red and many other
suitable compounds are marketed by Molecular Probes (Eugene, OR). Exainplcs of
chemiluminescent and bioluminescent coinpounds that may be suitable for use as the energy
donor include luminol (aminophthalhydrazide) and derivatives, and Luciferases.

Referring to Fig. 1, a fluorescence trace indicative of DNA amplification for a single
polymerase chain reaction (PCR), which involves cycling the temperature of the reaction
mixture between two temperatures, €.g., 94°C and 50°C, is shown. The reaction mixture
included an intercalating fluorescent DNA binding dye, ethidium bromide (EtBr), which
intercalates, or binds, the double-stranded PCR products and fluoresces during each
annealing/extension phase of the reaction. Consequently, the resulting fluorescence
increases as the amount of double-stranded DNA increases. As illustrated in Fig. 1,
fluorescence intensity rises and falls inversely with temperature. The fluorescence intensity
is minimum at the denaturation temperature (94°C) and maximum at the annealing/extension
temperature (50°C). Thus, the fluorescence intensity at 50°C shows a cycle-dependent
increase reflecting an increase in the amount of double-stranded DNA. When the thermal
cycler returned to 25°C, after the 30 cycles were completed, the fluorescence increased to 2
final value greater than three times the initial fluorescence value at 25°C. On the other hand,
the fluorescence minima at the denaturation temperature do not significantly increase,

presumably because at this temperature there is no dsDNA for EtBr to bind.
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sériﬂes of single-stranded, H V tenpl ate DNA. Prior to making the
dilutions, the PCR reaction m xtures were set up in 100 [err]| vol unes
~containing 10 mM Tris-HJd, pH 8.3; 50 MM KA ; 3 mMMWCl[err]; 2.5 U of Taq
DNA pol ymerase (Perkin Elmer, Norwalk, CT); 100 [err]M each dNTP (Pronega
Corp., Madison, W); 4 [err]g/m of ethi-didum bronmi de (Bio Rad, Richnond,
CA); 100 pnole each of H V specific (gag region) oligonucleotide priners
SK145 and SK431Agdsglesed EU@rRamAmhmumnmw @, thisidata wak goliectea |
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i ted h
designate N stince the signal generated by the binding agent can be detected without having to open

the reaction tube, the signal can be monitored throughout before, during, and after
amplification process.

The apparatus for detecting a single PCR and providing the data in Fig. 1 was set up
as follows: a Spex-Fluorolog-2 fluorometer with a fiber-optic accessory (Spex Catalog No.
1950) was set to emit excitation light at 500 nm with a bandwidth of approximately
3.4 nm. A GG 435 nm cut off filter was used to exclude second order light (Purchased
from Melles Grist Inc.). The emission light was detected at 570 nm with a bandwidth of
approximately 13.6 nm. A OG530 filter (530 nm cut off) was used to remove excitation
light.

The reaction tube, a 0.5 ml polypropylene tube, contained 60 ng human male DNA.
The top of the tube was cut away for artaching the fiber-optic cable. The fiber-optic cable
was glued to the top of the reaction tube with epoxy. The emission light was collected
through the oil overlay in the tube. A black "shroud” was built around the tube and the
reaction was placed in the thermal cycler. The thermal cycler was programmed to cycle
between 94°C and 50°C for 1 minute each, for 30 cycles, followed by continuous
incubation at 25°C. The fluorometer and thermal cycler were started simultaneously. The
parameters of the fluorometer were: time-based scan with 5 second integration time; the
emission signal was ratioed to that of the excitation light to control for changes in source
intensity. '

In accordance with the present invention, an apparatus is provided for real-time
detection of the amplification of multiple amplification reaction mixtures, simultaneously.
Each reaction mixture contains a target nucleic acid sequence. Thus, using a thermal cycler
(c.g., 2 thermal cycler commercially available from Perkin Elmer Cetus Instruments) having
2 heating and cooling block capable of holding up to 48 reaction tubes, for example, 48
amplification reactions can be carried out and PCR amplification product in all 48 samples
detected simultaneously without handling the samples, opening tubes, or intcrrupting-.thc :
cycling reaction. The number of reactions monitored simultaneously is limited only by the
capacity of the heating and cooling block. Thus, with a 96 well heating and cooling block,
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reference nuneral 0. To sinulate a PCR-based screen of |ynphocyte DNA for
I ntegrated H V genones, all reactions contained 300 ng or 40,000 cell

equi val ents of human genoni ¢ DNA. Thermal cycling proceeded for 55
cycles in a GeneAnmp PCR System 9600 thermal cycler (Perkin-El mer, Norwalk,
CT) with a 2 tenperature program 94[esri4& $or 15'sec. denaturing; 68[err]C
for 30 sec. annealing/extension. To provide a "hot-start” as is
conventional- in the art to irrprove' specificity in the reaction (as
described in_Chou, Q,, Russell , Birch D E ﬁ nd, J Ioch W
"Prevention 8$%P@WW§??%¥Q“%‘F&"BPP%F%P ¥4“£5PF‘?5W°F
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U.S. Patent No. 5 210 015t Gelfand et al. which is hercby mcorporated herein by
reference.

In a first embodiment of the muldple amplification reaction mixture detection
apparatus, a suitable optical system moves the excitation light from a source to multiple
reaction tubes that are positioned in a thermal cycler and measures the emission light from
each tube. Such an optical system can comprise multiple fiber-optic leads that
simultaneousty read all of the PCR tubes undergoing thermal cycling. Only a single

 fluorometer is needed to read fluorescence from the reaction tubes, as each fiber-optic can be
read rapidly one at a timne, for example, during the time frame of a PCR temperature soak
(e.g., an annealing/extension interval such as the interval between a-c illustrated in Fig. 1A).
It will be apparent to one skilled in the art that such a detection system is not necessarily
limited to a particular thermal cycler machine or reaction vessel.

The amplification detection arrangements incorporate fiber-optic Jeads to transmit
excitation light and fluorescence emissions. So long as the reaction wells, or tubes, are
light-sealed to prevent external light sources from influencing fluorescence detection, any
‘over plate, tube cap, or lid apparatus that comprises or can be attached to a fiber-optic lead is
suitable. In one embodiment of the invention, the reaction tube lids can be removed to
accommodate the fiber-optic. However, use of a reaction vessel that has a clear or
translucent cap eliminates the need to insert the cable into the tube. It will be apparent that
reaction tubes capable of accommodating a fiber-optic cable, without the cable physically
contacting the amplification reaction components, are desirable.

Referring to Fig. 2, 2 further embodiment of an apparatus for real-time detection of the
amplification of multiple target nucleic acid sequences, simultaneously, is shown and
designated with reference numeral 10. This embodiment advantageously eliminates the need
for the light input and fluorescence output fiber-optic leads described above and the
accompanying problems associated with coupling the fiber-optics to the reaction tubes. As
discussed above, apparatus 10 will be described in conjunction with PCR amplification of a
DNA target sequence using a fluorescent binding agent signal generator for purposes of
simplification, but is not intended to be limited to use with such an amplification process,

nucleic acid or amplification signal generator.
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permt inmaging. -22 -
As shown in Fig. 8A the fluorescence fromeach reaction changes little in
early thermal cycles and then rises as detectable ambunts of PCR product
are generated. The nor starting tenplate copies in the reaction, the
earlier such a rise in fluorescence occurs. See, for exanple, the curve
designated with the character 108 which deldignates that that .

Apparatus 10 genétally comprises a thermal cycler 12 for heating and cooling reaction
chamber tubes or vessels 26 (preloaded with the nucleic acid(s) to be amplified), laterally
spaced excitation light sources or lamps 14, imaging device 16 (comprising CCD-camera
16a, camera controller 16b and cooler 16¢), and image processor 20, which can be a2 PC
with a frame grabber card such as the PC VISION PLUS commercially available from ITEX
Inc. and an IEEE 488 interface card. These elements are shown in block diagram in Fig. 4.
Although thermal cycler 12 is conventional in construction according to the preferred
embodiment, a summary of certain features of thermal cycler 12 is provided below to aid in

understanding the disclosure of the present invention.

Thermal cycler 12 includes a heat exchanger 22 for heating and cooling reaction tubes
26. Heat exchanger 22isa heat-conductmg block, preferably aluminum, having a plurality
of recesses 24 formed therein and sized to allow a given number of reaction tubes 26 (e.g.,
0.5 mi Eppendorf tubes) to fit therein. The purpose of heat exchanger 22 is to support
reaction tubes 26 and to act as a heat exchanger to transfer thermal energy to and from the
fluids stored in the tubes such that the reaction components may be incubated at various
temperatures for user-defined times. Thus, thermal cycler 12 also includes a system for
heating and cooling the heat exchanger and means, such as a computer system, for
~ controlling the heating and cooling system to heat and cool the heat exchanger and reaction

_tubes as is conventional in the art. The user programs the computer or means for controlling
the heating and cooling of heat exchanger and reaction tubes to a desired tempemture profile,
such as that illustrated in Fig. 1, through display/keyboard user interface 28.

The heat exchanger (heat conducting block), means for heating and cooling the heat
exchanger and means for controlling the heating and cooling of the heat exchanger as well as
the entire thermal cycler, can be constructed in accordance with U.S. Patent No. 5,038,852
which is hereby incorporated by reference herein. Suitable thermal cyclers are cdmmercially
available such as the GeneAmp PCR system 9600 thermal cycler (Perkin-Elmer, Norwalk,
C'I') depicted in Fxg 2. :

It should be understood, however, that other devices for heating and cooling the
preloaded reaction tubes can be used without departing from the scope of the invention. Itis
only necessary that whatever device is used for heating and cooling the reaction tubes, be
capable of reachiné and sustaining the temperatures involved and achieve the desired
temperature versus time profile. Thus, for purposes of nucleic acid amplification, such a

device should be capable of cycling the temperature of the amplification reaction mixture
between a denaturing temperature T1 (which can be in the range of about 80-105°C and

preferably 90-100°C) and an annealing/extension temperature T (which can be in the range
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fl uorescence curve corresponds to the fluorescence emtted by the reaction
m xture starting wth the highest concentration of starting tenplates,
i.e., 108 tenplates. As shown in Fig. 8A, the 108 curve rises first as
expect ed. However, there is a cqgnsiderable variance in the initial
fl uorescence val ues obtalned fromthe difl&rent anplifications even though
t hose val ues_shou shoul d be he s becgus

anount s of 8?%&@?8%1?&&'5%&%&@&3&@%“?&% PW@%B%H?’&@H
in the reacghon tubes have a negligible effect on the total fluorescence
expected froma single tube. It is believed that the sources of thls

variation are inho rmt i1 rall ax, and
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and vari abl efrhepmscraummuancmbmdmkmmgez V'Eluspemmtss:m\lﬁaltn régeiye tBe\, t he
processor dﬁﬁ&@@eﬂ@a@na&%ﬁﬁé& fothi WAthih Be! difiplification reaction tubes.

- Thermal cycler 12 also is provided with a means for sending output data indicative of
the heat exchanger or amplification reaction mixture temperature profile, such as cycle
number, temperature, and time, to image processor 20 over line 30. An RS232 bus for
transmitting such data is provided with 2 Gene Amp PCR system 9600 thermal cycler, for
example. LED display panel 282 also displays such output data to the user during operation.

CCD-camera 16a is positioned above heat exchanger 22 and the reaction tubes to
collect fluorescence signals emitted from the reaction mixtures through the upper ends of the -
tubes as the temperature of the mixtures is cycled by device 12 during amplification. Itis
important that camera 16a is positioned as far as is practical from heat exchanger 22 in order
to reduce parallax effects on the fluorescence image captured by camera 16a. However,

- camera 16a must be sufficiently close to the heat exchanger and reaction tubés to minimize
background noise from other light sources and so that sufficient light from reaction tubes 26
can be captured by the camera. It has been found that an optimum distance d, between the
heat exchanger 22 and camera lens 46, which is directed toward the heat exchanger, is in the
range of about 6 inches to 5 feet depending on the lens used. For example, d preferably is
about 2 feet when a 70 mm lens is used. A band pass interference filter 48, preferably a 600
nm filter, is placed in front of the lens to limit detection to the desired wavelength, since the
fluorescence of interest has wavelengths of about 600 nm.

Referring to Fig. 2, camera 16a is shown mounted to a conventional photographic
copy stand 32 for positioning the camera above heat exchanger 22 and reaction tubes 26.
Copy stand 32 includes a vertical support member 34 which is supported in bracket 36.
Bracket 36 is secured to mounting surface 38 which supports apparatus 10. Slide member
40 is slidably mounted to vertical member 34 for movement along the vertical and is
provided with knob 42 which upon turning cooperates with slide member 40 to lock slide -~ =~ -
member 40 in a fixed position as is conventional to one of ordinary skill. Camera bracket 44
has one end secured to slide member 40 and another end secured to camera 162. Thus, the
height of camera 16a can be adjusted through slide member 40 to the desired height above
the heat exchanger and reaction tubes. Camera 16a preferably is a conventional computer-
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for each anplification. Each factor is determ ned based on the data
collected in cycle 1 and is the ratio of the average initial fluorescence
of all reactions to the observed initial fluorescence of each reaction. The
processor nultiplies all fluorescence valyes for each anplification by the
respective normalization factor. The reﬁjﬁ of this normalization is shown
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Referring to Fig. 4, two UV lamps 14 are laterally spaced about the optical path
between camera 16a and heat exchanger 22. It is only important in this regard that lamps 14
are sufficiently close to camera lens 46 so that their housings do not interfere with the optical
path between all of the reaction tubes and camera lens 46. To this end, lamps 14 canbe -
suspended from camera bracket 44 via bracket 52. Lamps 14 also are parallel to the heat
exchanger so that excitation light is provided to the reaction tubes in a uniform manner.
Lines 54 extend from lamps 14 and are adapted to fit in a standard 115 volt wall socket for
providing the desired power to the lamps. The wavelength of UV lamps 14 is selected
according to the requirements of the nucleic acid fluorescent binding agent. For example,
302 nm is a desirable wavelength for excitation of ethidium bromide. A suitable 302 nm
mid-range UV lamp is commercially available from U.V. Products, Inc. (Sén Gabriel, CA)
under the name Chroma-Vue. '

The image taken by camera 16a is uansmitted to image processor 20 via line 56 which,
when using the STAR 1 system as discussed above, is an RS170 line. Image processor 20
‘includes a frame grabber for forming digital images from camera data on line 56. Although
camera 16a includes a 12-bit digital output, the analog output of the camera is used where
image processor 20 is an §-bit image processor. In such a case, the image processor 20
includes the frame grabber to create 8-bit digital images from the analog signal on line 56 so
that image processor 20 can mampulate the collected images as digital data.

Thermal cycler output data line 30 also is coupled to image processor 20 for providing
the processor with the temperature profile, time, and cycle of the amplification in progress.
In this manner, processor 20 can be programmed to send a trigger signal via line 58 to
camera controller 18, which controls the opening of the shutter for camera 16a, at
preselected times during the course of amplification. Image processor 20 includes a IEEE
488 bus card for communicating with IEEE 488 line 58, to control camera 16a. Processor
20 also is provided with a conventional keyboard and/or mouse user interface 60/64 and
momtor 62. A general overview of the opcrauon of apparatus 10 is provided below.
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an efficient PCR involves a doubling of the DNA copy nunmber every cycle. It
Is predicted that each 10-fold dilution in starting tenplate would require
3.32 additional cycles to bring the yield of PCR product up to a given
concentration. Thus, the normalized val uei | ook as expected, for nuch of

t he range of fluorescence levels. It can R- seen by exam nation of Fig. 8B

that there are fé/iu%pqe FeAch N ibes26%alE cSitRAndt refbiBa Hlx ke (), flicieit A4S 0 .

except for thos
- be amplified, a thermostable enzyme to catalyze polymerization, specific oligonucleotide

primers, and four different nucleotide triphosphates) are placed in heat exchanger block 22
(Fig. 3). The reaction tubes can be sealed with conventional caps, a vapor barrier mineral oil
or Amipliwax™ brand sealant. The thermal cycler is activated and the excitation lamps,
which are directed toward the reaction tubes, are energized. Responsive to a signal from
camera controller 16b, camera 16a captures an image of all of the reaction tubes 26 which
image reflects the various levels of fluorescence at the first annealing/extension phase of a
cycle. This analog image is sent to the image processor where the frame grabber digitizes
the image since it has an analog/digital converter.

Fig. 5 shows portions of three such digitized images taken dﬁring the course of six
simultaneous amplifications. The processor averages the intensity of light emitted from each
reaction tube during the noted annealing/extension phase and normalizes those intensity
values to determine a single fluorescence value for each reaction tube. The normalization
process is discussed below in more detail in connection with Figs. 8A-C. This is repeated
for each cycle of the amplification process. The normalized fluorescence values are saved to
a computer spreadsheet for subsequent analysis and graphing. These normalized
fluorescence values are further processed to determine the initial amount of the target nucleic
acid sequence (i.e., the starting number of target nucleic acid templates before amplification)
or to analyze the effect of amplification reaction conditions on the kinetics of the reaction. A
more detailed discussion of the fluorescence value acquisition and processing steps
summanzed above, is provided below.

The timing of each camera exposure to the emitted fluorescence first will be discussed.
Since the maximum fluorescence occurs at the annealing/extension phase of each cycle in an
amplification process undergoing thermal cycling (e.g., see interval a-c Fig. 1A) and this is
the indication of the level of nucleic acid amplification, when only one image is takenina
given cycle by camera 16a it should be taken in this phase of the cycle because that is when
you get the strongest signal and signals during this interval best represent the amount of
material being made. However, as other data throughout the reaction can be useful in
analyzing the entire course of the amplification, it should be understood that it may be
desirable to collect more than one image per cycle. For example, each image can be taken 20
seconds after the annealing/extension temperature is reached as indicated by reference
character b in Fig. 1A. In this example case, when the annealing temperature is 68°C,
processor 20 sends a signal, 20 seconds after the 68°C temperature is indicated by the
thermal cycler 12 over RS232 line 30, to camera controller 16 to trigger the camera shutter
(not shown). The exposure time can vary from application to application as would be
apparent to one of ordinary skill. The triggerin g event to open the camera shutter obviously

This is. the replacement sheet

0 2 APR 1997

Bate:



starting with 102 copies and O copies. It is also apparent that this

cycl e-nunber-offset is persisting past the |logarithmc phase of the PCRs.
I'n contrast, the nunber of cycles separating the dilutions in the
unnormal i zed data of Fig. 8A vary widely,;q_ Usi ng the nornalized
fluorescence data, -such as the data showﬂi. In Fig. 8B, the initial anount
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below). Window 64C displays the command line of the computer operating system. The
processor digitizes the image and displays it in window 64B which is used so that the user
can assign a group of pixels to an area of the image that encompasses a single image of a
réaction tube. This can be accomplished using a mouse to draw boxes around the portions
of the digitized image of a reaction tube 26 in window 64B or using a program that looks at
the fluorescence of each pixel to determine which pixels belong to which reaction tube as
would be apparent to one of ordinary skill in the art of computer graphics. This is illustrated
in Fig. 6, where a 6x6 pixel array encompasses the image of a single reaction tube 26. It
should be understood that this array size has been selected merely for purposes of example
and that other array sizes can be used without departing from the scope of the invention.
The pixel values "5" indicate insignificant fluorescence and correspond to the fluorescence
emitted by the upper surface of the heat exchanger, while the pixel values “200" indicate the
maximum fluorescence detected in the 6x6 pixel array and correspond to the fluorescence
emitted from the center of the reaction tube which are imaged onto pixels. The pixel values
"100" correspond to the fluorescence emitted by a portion of the heat exchanger and reaction
tube. Of course, these specific pixel values do not necessarily represent actual values, but
are merely exemplary.

. Image processor 20 then averages the pixel values in the array assigned to the area
encompassing the reaction tube to obtain a single fluerescence value for that reaction tube for
cycle 1 of the nucleic acid amplification process. However, obtaining a single fluorescence
value for each reaction tube can be accomplished in other ways such as summing the pixel
values. The box outlining the 6x6 array and encompassing the first reaction tube is then
moved to encompass the next reaction tube where the pixel value averaging step is repeated
and a single ﬂuorescence value is obtained until a fluorescence value has been assigned to |
each wbe for cycle 1. Alternatively, the process of obtaining a fluorescence value for each
reaction tbe 26 for a given cycle can be done as a parallel process. This process of
calculating a fluorescence value for each reaction tube is repeated each cycle until the
amplification process is complete.
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initial nunber of copies. Simlar results are obtained if the fluorescence
| evel chosen in Fig. 8B is anywhere from 125-225. The reason for
the deviation fromlinearity at the data point at 10[err] copies is shown
by the gel electrophoresis analysis of the anplification products in Fig.
8C. The specificity of the anpllflcatlon #8-such t hat, starting with

10 d t te,. the. o sjble rod ct_|s
that of the expltPieeues 8 When Rewriapast btk g oo R rachonmbes2s,
smal | er, non'erpmi itdtie266Tip hlsb laaded imo pnoofuhe wells @4E The purpoge uf the bb@u'ol[Tiibei]s
duct i err
et 2 I AR el s O il
product ar e VARATODS, F&omm@cmmqrmqummwgmmemrno

added tenpl gkfnpl&icas Be Hdte® SIAARR Inpiner, mmcéﬁ&m écﬁﬁ each reaction
i ndi stinguis abI e, fromthat of nons eC| | ¢ product, asel 1 ne
sensi ti vi ty M‘?gmﬁi’eqsﬂ@ QVBF%WHS?O gdﬂ“?ofoﬂﬂmg The

nonspeci f i ccq)mmliuwe 266 lbprmmrwms ﬂwzﬁsdehaé dmlﬁohdtfg hslaetaidx@m :B&hﬁﬁb s of

concent  at 1 G he ik B o5 b B5taBE a0 BHeER e, Siesk 10 FiEbicatcrcet ot

standards, fluerescenesaduringrthermabeycling. Thus, the control tube will emit an essentially constant
amount of fluorescence when subjected to excitation light during amplification and serves as
a base line throughout the amplification process. This is illustrated in Fig. 7, where the
fluorescence intensity.of the control tube is plotted over several cycles.

Referrin_g to Fig. 7, ig is the initial fluorescence of the control tube and establishes the
base line. At cycle 2, the recorded intensity of control tube 26 begins to drop off indicating
that drift in fluorescence is occurring. Thus, solid line 72 cycle 4 corresponds to apparent
intensity values. For example, at cycle 4 when the camera collects data in the
annealing/extension phase of the fourth cycle, the apparent value of the control tube
fluorescence is i Ad- A correction factor ig/ip4 is then determined for that cycle. Each of the
fluorescence values obtained for each reaction tube is multiplied by the correction factor to
provide actual fluorescence values. The foregoing is repeated for each cycle.In 'summary,
the correction factor is generally described as iy/ipp, wherein i is the initial fluorescence
value of the control tube and iz, is the apparent fluorescence value of the control tube taken
during cycle number n. Each fluorescence value obtained for a reaction tube by, for
example, averaging (as discussed above) is multiplied by the correction value. The foregoing
is repeated for each cyclc

Normalization and quantitation will be described with reference to data generated for a
specific example case for exemplary purposes only. That data is illustrated in Fig. 8A. It
should be understood that the invention is not intended to be limited to PCR or the particular
amplification reaction mixtures, number of amplifications, thermal cycler, temperature
profile, or interval in which the fluorescence images were taken as will be apparent to one of
ordinary skill. It is only necessary to monitor the amplification reaction mixtures differing in
starting concentration of a target nucleic acid sequence to quantitate the initial concentration
of that target sequence in an amplification reaction mixture where that concentration initially
is unknown as will be described in more detail below.

Fig. 8A shows the fluorescence values obtained from eight PCR amplifications
monitored simultaneously, in accordance with the principles described above, during thermal
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cont ai ni ng known concentrations of starting target nucleic acid sequence,
this baseline could be at significantly nore cycles than at the cycle
nunber at which the deviation fromlinearity begins. In practice we have
seen that sanple-to-sanple variation of the reaction profile at |ess than
102 tenpl ates conplicates reproducible quadkitati on below this |level (data

not shown).
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case, seven reaction mixtures contained known concentrations of a specific DNA target
sequence (i.e., 2 known quantity of starting sa.mple) to facilitate quantitation of an unknown
starting amount of a sample as will be described in more detail below. The eighth mixture
contained no target DNA and served as a control reaction to provide background
information. The seven amplifications of known sample were initiated using a dilution
series of single-stranded, HIV template DNA.

Prior to making the dilutions, the PCR reaction mixtures were setup in 100l .
volumes containing 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 3 mM MgCla; 2.5 U of Tag
DNA polymerase (Perkin Elmer, Norwalk, CT); 100 uM each ANTP (Promega Corp.,
Madison, WI); 4 ptg/ml of ethidium bromide (Bio Rad, Richmond, CA); 100 pmole each of
HIV specific (gag region) oligonucleotide primers SK145 and SK431 (Perkin Elmer,
Norwalk, CT) and 300 ng of human placental DNA (Sigma, St. Louis, MO). An M13
subclone of the HIV gag region was used as the target nucleic acid template.

Starting with 108 templates, 10-fold dilutions were made down to 102 templates and
used with HIV-specific primers to make a 142 bp PCR product. The fluorescence profiles
in Fig. 8A generated from these initial concentrations are designated with reference numerals

' 108,107 . .. 102, respectively. A control amplification with no added template was also

monitored. The fluorescence profile of this mixture, is shown by the line designated with
reference numeral 0. To simulate a PCR-based screen of lymphocyte DNA for integrated
HIV genomes, all reactions contained 300 ng or 40,000 cell equivalents of human genomic
DNA. '

Thermal cycling proceeded for 55 cycles in a GeneAmp PCR System 9600 thermal
cycler (Perkin-Elmer, Norwalk, CT) with a 2 temperature program: 94°C for 15 sec.
denaturing; 68°C for 30 sec. annealing/extension. To provide a "hot-start” as is
conventional in the art to improve specificity in the reaction (as described in Chou, Q.,
Russell, M., Birch D.E., Raymond, J. and Bloch, W. "Prevention of pre-PCR mis-priming
and primer dimerization improves low-copy-number simplifications.” Nucleic Acids
Research 20:1717-1723, 1992) an initial hold at 75°C was used during which the MgClp
was added (in a 12 il volume) after the samples had reached this temperature. Fluorescence
images for each thermal cycle were taken by the CCD-camera 20 sec. into the 30 sec. hold at
the annealing temperature with an exposure of about 1 second. As described above, the
heating cover block 27 was not used and was positioned away from the reaction tubes to
permit imaging.
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-24- as that shown in Fig. 9) to reach an arbitrarily chosen |evel of
fluorescence that is within the range of detection of this instrunent. This
arbitrary fluorescence value (AFV) is preferably chosen to be in a region
of the reaction profile that is, as described with reference to Fig. 8B,
paral | el anmong the different standards. Jhps wll generally be true if the
selected AFV is fromO0.1 to 0.5 tines the maxi num fl uorescence val ue

obt ai ned by t heAskshkowkinFigs§A\ghé fidor8i@hcesfrommreath rhcdonmbangasilingd inrvardy ei ¢

i 11 cat 1 BRRneles pcsben Bies 35 985 Rk R e POK profi SR fenSht 18 mor
: starting template copies in the reaction, the earlier such a rise in fluorescence occurs. See,
for example, the curve designated with the character 108 which designates that that _
fluorescence curve corresponds to the fluorescence emitted by the reaction mixture starting
with the highest concentration of starting templates, i.c., 108 templates. As shown in Fig.
8A, the 108 curve rises first as expected.

However, there is a considerable variance in the initial fluorescence values obtained
from the different amplifications even though those values should be the same. They should
be the same because the amounts of single-stranded DNA are so small that the varying
amounts of it in the reaction tubes have a negligible effect on the total fluorescence expected
from a single tube. It is believed that the sources of this variation are inhomogeneity or
nonunifomiity of illumination, parallax, and variable attenuation of the fluorescence due to
the tube caps. Monitoring the amplifications without caps but through a vapor barrier of

. mineral oil or Ampliwax™ brand sealant reduces, but does not eliminate, this variation.

To compensate for inhomogeneity of illumination parallax, and variable attenuation
and, thus, the variations shown in Fig. 8A, the processor determines a normalization factor
for each amplification. Each factor is determined based on the data collected in cycle 1 and is
the ratio of the average initial flnorescence of all reactions to the observed initial fluorescence
of each reaction. The processor multiplies all fluorescence values for each amplification by
the respective normalization factor. The result of this normalization is shown in Fig. 8B.
Thus, for the reaction containing 108 starting template copies, the ratio (normalization factor)
is the sum of all eight fluorescence values in cycle 1 divided by 85 which is the initial
fluorescence value of reaction 108 as shown in Fig. 8A. The fluorescence values for the
reaction marked 108 then are all multiplied by this factor to generate the normalized curve of
Fig. 8B. Each reaction curve is similarly normalized. This normalization is based on the
assumption that the source of the image variation attenuates or enhances the fluorescence
signal proportionately over the entire range of signal intensities.

Referring to Fig. 8B, all reactions essentally have the same initial fluorescence and
most of the reaction profiles have a regular spacing consistent with the dilution series used.
The profiles are very similar in shape and nearly parallel. The early or logarithmic phase of
an efficient PCR involves a doubling of the DNA copy number every cycle. It is predicted
that each 10-fold dilution in starting template would require 3.32 additional cycles to bring
the yiel& of PCR product up to a given concentration. Thus, thc. normalized values look as '
expected, for much of the range of fluorescence levels. It can be seen by examination of
Fig. 8B that there are close to three cycles §eparating each of the dilutions except for those
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fluor value obtained that is nearest the AFV is chosen. Taking this value,’
and the fluor values for the four cycles preceding and the four cycles
following the cycle at which this value occurs, a regression line is fitted
that relates cycle nunber (which can be fractional) to fluorescence. The
AFV is then entered into the equation of -t83i-s regression |ine and a val ue
for this standard sanple of the nunber of cycles needed to reach the AFV is

returned.  startin gwmim%cmh aihsf(ﬁfdﬁd%.e@ti&ﬂso‘iﬁ?i}e_ :&tt_ﬁa”t‘i];ﬁ_ﬁ td{élg-%tuﬁibe@%t X sdc,‘gésa
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needed to r sepdratingshe\dilgtions inthe/udnorenalizedddth of Figl 8Aafaryt widght. nucl ei ¢ acid
anount of an unknown sanple that was anplified together with the standard
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per f or med byf ¢he starting number of template copies and the number of cycles it takes for the

amplification in Fig. 8B to reach the arbitrarily chosen fluorescence level of 190. The line

shown in Fig. 9 is regression fitted to the data points from 108 to 103 initial copies (r2 >

.99). The data point corresponding to 102 initial copies has a statistically significant

deviation from this line (zero copies cannot be placed on a logarithmic plot). Besides the

data point at 102 copies, the data point most deviant from the regression line is at 109,

- which, using the equation of the fitted line, predicts a value 13% lower than the known
injtial number of copies. Similar results are obtained if the fluorescence level chosen in Fig.
8B is anywhere from 125-225.

The reason for the deviation from linearity at the data point at 102 copies is shown by -
the gel electrophorésis analysis of the amplification products in Fig. 8C. The specificity of
the amplification is such that, starting with 108 down to 105 copies of template, the only
visible product is that of the expected size. When 104 starting copies were used, a smaller,
nonspecific amplification product becomes barely visible. This product is more prominent
when 103 copies are used, and when 102 copies are used, an equal amount of nonspecific
product and HIV-specific product are made. Only nonspecific product is made in the control
with no added template. Since fluorescence due to specific product is indistinguishable from
that of nonspecific product, the "baseline” of sensitivity of this assay is at the cycle number
by which so much nonspecific product is being synthesized that any additional synthesis of
specific product has little effect on the reaction profile. As long as concentration
determinations are based on interpolation from a set of standards, i.e., reaction tubes
containing known concentrations of starting target nucleic acid sequence, this baseline could
be at significantly more cycles than at the cycle number at which the deviation from linearity
begins. In practice we have seen that sample-to-sample variation of the reaction profile at
less than 102 templates complicates reproducible quantitation below this level (datanot
shown).

In order to quantitate the initial amount of target nucleic acid in a sample, the
normalized fluorescence data from the set of standards are first used to establish the
relationship between initial target nucleic acid amount and the number of cycles needed (such
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m croprocessor that is suitably programed. Thi s nmode of nucleic
acid quantitation can be used not only with fluorescence resulting fromthe
non- sequence-speci fic binding of dyes, but can also be used with
fluorescence resulting fromthe sequence-specific binding of

ol i gonucl eoti de probes such as those used 34 t he honbgenous
anplification/detection systens described in U S. Patent No. 5,210, 015.
These pr obesastieyshoven il Figr9)ao reach bn gittirarily chesen dewet] of flumescense thetsis mithincthe n
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corrponents dfigiessinitabiowviNafgeamatleid acid comgntridionc hange in the reaction
profile. Fig. 10A shows ‘a titration of Taq DNA pol ynmerase. Nine replicate

PCRs contai ni ng Jf8 selecting the AFV, for each standard amplification, the correction and normalized
fluor value obtained that is nearest the AFV is chosen. Taking this value, and the fluor
values for the four cycles preceding and the four cycles following the cycle at which this
value occurs, a regression line is fitted that relates cycle number (which can be fractional) to
fluorescence. The AFV is then entered into the equation of this regression line and a value
for this standard sample of the number of cycles needed to reach the AFV is returned.

Having now determined for each standard the number of cycles needed to reach the
AFV, a regression line is fitted to the data that relates the initial target nucleic acid amount to
the number of cycles needed to reach the AFV. To now determine the initial target nucleic
acid amount of an unknown sample that was amplified together with the standard samples,
the number of cycles needed to reach the AFV is determined as was done for the stanciérd
sample. This number of cycles (which can be fractional) is entered into 'the'equation of the
fitted regression line and the equation returns a value that is the initial amount of target
nucleic acid in the unknown sample. This process can be repeated for each unknown
sample. The data manipulations just described can easily and rapidly be performed by a
microprocessor that is suitably programmed.

This mode of nucleic acid quantitation can be used not only with fluorescence resulting
from the non-sequence-specific binding of dyes, but can also be used with fluorescence
resulting from the sequence-specific binding of oligonucleotide probes such as those used in
the homogenous amplification/detection systems described in U.S. Patent No. 5,210,015.
These probes require alternative light sources and filters as described in the above patent.

Use of multiple sequence specific probes, each with a distinguishable fluorescence, should
allow simultaneous detection and quantitation of multiple nucleic acid target sequences ina
single amplification reaction.

~ Referring to Figs. 10A-D, analyzing the effect of different reaction conditions on a
PCR will be discussed. In general, these effects can be monitored by adding, subtracting,
or changing components of a standard PCR and observing the change in the reaction profile.
Fig. 10A shows 2 titration of Tag DNA polymerase. ‘Nine replicate PCRs containing 108
target HIV templates were initiated using a range of Taq polymerase levels as indicated in the
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‘tar get HV tenplates were initi ét ed using a range of Taq pol ynerase | evel- S
as indicated in the . -
.25 - figure. For enzyme anmounts between 1 and 10 units per reaction,
fl uorescence begins to be detectable in all reactions by about the sane
cycle. This indicates that these differences in enzyne |evels are having
little effect on the efficiency of anplification in early cycles:
-25- .
figure. For enzyme amounts between 1 and 10 units per reaction, fluorescence begins to be
detectable in all reactions by about the same cycle. This indicates that these differences in
enzyme levels are having little effect on the efficiency of amplification in early cycles,
Differences in the levels of PCR product become apparent in later cycles, however, such that
by cycle 50 almost twice as much DNA has been made using 10 units as compared to 1 unit.
By gel electrophoresis (not shown), there is no evidence of the production of nonspecific,
non-HIV PCR product in these reactions. Using only 0.5 unit Taq polymerase, there is a
sudden absence of detectable product. Since PCR is a process in which DNA increases in
concentration exponentially, it is perhaps not surprising that there is a threshold level of

enzyme below which amplification is an apparent failure.

The effect of changing primer concentrations on the kinetics of amplification also can
be monitored. Fig. 10B shows profiles of PCRs detecting HIV templates (108 initial
ssDNA copies) using primer levels from 2 UM (each primer) down to 0.05 uM. A constant
level of enzyme (2.5 U) was used in each PCR. Note that from 0.05 to 0.4 M in primer
concentration, the DNA level in the reaction rises to a certain level and remains constant. If
these final product levels are estimated using the data in Fig. 4 and assuming 10.6 pmole/jLg
of 142 bp PCR product, we see that for 0.05, 0.10, and 0.20 uM primer, 0.05, 0.10, and
0.20 pM product respectively, is made. At these levels, primer concentration is apparently
the limiting factor on yield of product DNA. In contrast, at 0.8 LM primer concentration and
above, the DNA level is continuing to rise with each thermal cycle, as in Fig. 6A, and
increasing amounts of primer have little effect on the profile. By comparison with the data in
Fig. 6A, one would conclude that these reactions are now enzyme, and not primer, limited.

The result of varying KCl concentration using the same HIV test system with 1 pM

primers and 2.5 U of enzyme per 100 pl reaction are shown in Fig. 10C. Tag DNA

_ polymerase activity is greatly inhibited by high concentrations of KCL Consistent with this,
at concentrations of KCl of 125 mM or greater there is no detectable PCR product. With
activated salmon sperm DNA as template there is an optimum in Taq DNA polymerase
activity at 50-90 mM KCl. This assay shows that product yield is highest at 50, 75 and 100
mM KCl with only about half as much being made at 0 mM KCL It is possible that this
difference is due to low ionic strength destabilizing primer annealing, although inconsistent
with this is the observation that the efficiency of amplification using 0 mM KCl appears
nearly the same as those at 50-100 mM KCl until about cycle 20. Only in later cyclés,does
product yield fall off, similar to the results obtained with less polymerase in Fig. 6A. If

primer annealing were destabilized, one would expect that amplification efficiency would be
diminished for all cycles. '
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Differences in the |l evels of PCR product becone apparent in |later cycles,
however, such that by cycle 50 al nbst twice as much DNA has been made usi ng
10 units as conpared to 1 unit. By gel electrophoresis (not shown), there
is no evidence of the production of nonspecific, non-H V PCR product in
these reactions. Using only 0.5 unit Taq | ynerase, there is a sudden
absence of -detectable product. Since PCR%%S' a process in which DNA
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.Referring to Figs. 11-13, simplified flow charts illustrating the steps performed by the
apparatus of the present invention are shown. Fig. 11 illustrates the overall fluorescence
value obtaining steps, while Figs. 12-13 show the fluorescence averaging and normalmauon
subroutines.

Referring to Fig. 11, the process is started and cycle 1 fluorescence values are
obtained. Then, the processor calculates normalization factors for each sample. Then the
fluorescence value for each value in that cycle is normalized by multiplying each |
fluorescence value by its respective normalization factor. The processor then outputs the
normalized values and the next cycle of fluorescence values are obtained. This is repeated
uniil the all of the ﬂumgcnce images are processed. Referring to Fig. 12, which illustrates
how the fluorescence values are obtained, the thermal cycler is started and the excitation light
source energized as the camera controller-waits for a trigger signal. When the camera-
controller receives the trigger signal from the processor, it sends a signal to the camera to
open the camera shutter for a period of n seconds in which the camera sums pixel values
indicative of fluorescence before the shutter is closed. The analog image is sent to the image
processor where the imﬁge processor frame grabber digitizes the image. At this point the
digitized image can be saved for subsequent processing or it can be prbcessed in real-time.
In the latter case, the image processor then assigns a group of pixels to an area
encompassing one reaction tube and averages all values in that area to obtain a single
fluorescence value which is stored. The processor repeats these steps until a single
fluorescence value is obtained for all the reaction tubes in that cycle. Then the processor
outputs the stored values for that cycle. The foregoing is then repeated for that cycle. Fig.

13 is a subroutine for the normalization factor obtaining step illustrated in Fig. 11. First, the
average value for all of the cycle 1 floor values is determined. Then, that average is divided
by each fluorescence value in cycle 1 to get normalization factors for each amplification
reaction mixture which will then be used for the remé.ining cycles. Although the flow charts
do not include cycle-to-cycle correction, such can also be accommodated by the processor.
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0.20 [err] M product respectively, is made. At these |evels, priner
concentration is apparently the limting factor on yield of product DNA In
contrast, at 0.8 [err]Mprimer concentration and above, the DNA |evel is
continuing to rise with each thermal cycle, as in Fig. 6A and increasing
grr?un_ts Ic:)f 'pr|6rrer have | :Ejt |l e e}‘fgcttﬁnt'tzt?ﬁ profile. By conparison with the
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appears 16a'. The fluorescence or amplification data is processed as described above.

Housing or shell 102 is shown as having a top wall 106, side walls 108, 110, front
wall 112 and rear wall 114. Shell or housing 102 is mounted on the upper surface of thermal
cycler 12 such that the housing encloses heat exchanger 22 and, thus, recesses 24, which are
formed therein and sized to receive a number of tubes 26, which are configured to hold
nucleic acid amplification samples. More specifically, housing 102 is constructed so as to
form a light-tight chamber for the samples' placed in sample tubes 26 as well as the optical
paths berween the light source and the samples and the samples and the sensor.
Accordingly, the housing is mounted to thermal cycler 12 to provide a light-tight connection
therebetween. In addition, ekcept for apertures 116 and 118, which are configured to
receive excitation light source or lamp 14' and lens piece 120 of camera 162/, the walls of
.the shell or housing are imperforate and e.fssentially consist of opaque material. In addition,
the walls preferably comprise a material having a relatively low thermal conductivity, such as
plastics, to impede heat transfer from the heat conducting member 22 and the samples in
tubes 26. One suitable material for the housing walls is polycarbonate.

A mechanism is provided to access the interior of housing or shell 102 and, thus, to
~ the samples in heat exchanger 22. Referring to Figs. 14 and 15, front wall 112 can be
hingedly secured to top wall 106 by hinge 122 in order to provide such access. Although a
particular configuration has been described with respect to the housing, it should be
understood that other configurations can be used to form a light-tight chamber for the
excitation and fluorescence emissions light paths as well as the housing for the elements
- housed in housing 102 which are described in more detail below.

Lamp or light source 14' essentially differs from lamp 14 in configuration. Lamp 14'
includes a condensing shield or shroud 14a’ and bulb or filament 14b’ for emitting lightas
does lamp 14 and as is conventional in the art. Lamp 14' is selected to provide light having
a wavelength corresponding to the wavelength of light needed to excite the fluorescent
binding agent present in the sample to be tested. For example, when using ethidium bromide
as a fluorescent binding agent, light source 14’ preferably is selected to emit UV lightata
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nearly the sanme as those at 50-100 nM KO wuntil "about cycle 20. Only in

| ater cycl'es does product yield fall off, simlar to the results obtained
with less polynerase in Fig. 6A If primer annealing were destabilized, one
woul d expect t hat arrpl i fication efficiency 2\g/oul d be dimnished for all

-26-

Lastly, a kn%cfeﬂgﬂx%'f B8ue 32 B A RGN thtvélgs ¢ gr%?o&:&ng%ﬁ o (U h&t is

commercially available from U.V. Products, Inc. (CA) under model no. UVM-57 (302 nm).
It should be understood, however, that ethidium bromide can be excited at a wavelength of
about 480 nm, as well as at about 302 nm. In addition, other fluorophores, such as other
DNA binding dyes or the 5' nuclease homogeneous assay probes described above, can be
excited by non-UV wavelengths. Thus, a light source that generates 480 nm light can be
used in the alternative. However, light sources that generate 480 nm light generally provide
a spectrum of visible light. Accordingly, when using such a light source, a filter is used to
obtain the desired 480 nm output. Generally, any light source arrangement can be used as
long as the desired wavelength is provided to the reaction mixtures. Monochromometers and
lasers are examples of suitable light sources.

Lamp 14' is coupled to housing 102 such that the excitation light is directed through
aperture 116, which is centered over recesses 24 to minimize nonuniform light distribution
thereover, and toward any samples contained in recesses 24. It should be understood that
lamp 14' can be positioned at other locations as well. For example, lamp 14' can be
completely housed in housing 102 and aperture 116 eliminated. However, the light emirting
element, e.g., bulb 14b, is preferably parallel to the upper surface of heat exchanger 22 and
centered over the recesses to enhance the uniformity of the light distribution over the heat
exchanger for the reasons discussed above. If a filter is used to obtain the desired
wavelength, the filter can be ﬁmun_ted., for example, to the housing at aperture 116 between
the optical path of the lamp and the samples provided in recesses 24.

Dichroic mirror 104, which preferably is a low pass dichroic mirror, is positioned
directly over heat exchanger 22 and preferably at an angle of about 45° to the upper surface
of the heat exchanger to accommodate the orientation of lamp 14' and camera 162". In the
arrangement shown in the drawings, dichroic mirror 104 is a low pass dichroic mirror;
constructed to be transmissive or transparent to light having 2 wavelength corresponding to
that emitted from excitation light source 14' and reflective to light having a wavelength
corresponding to that emitted by the samples in recesses 24 when exposed to the excitation
light (see Fig. 15). Of course, the transmissive and reflective characteristics of the dzchroxc

- mirror are selected according to the particular application. For example, when using
ethidium bromide as the fluorescent binding agent, the excitation light wavelength can be
about 302 or 480 nm as discussed above. In either case, the emission wavelength is about
600 nm. Thus, the dichroic mirror can be constructed such that it is transmissive to light
having a wavelength of about 302 or 480 nm or transmissive to both abont 302 and about
480 wavelength light. In both cases the dichroic mirror is constructed to be reflective to light
having a wavelength of about 600 nm. Fig. 16 shows a transmissivity v. wavelength curve
that is representative of suitable characteristics for the dichroic mirror when using ethidium
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concentrations. Hematin was added to the sane H V test system used before,
except that a priner concentration of 0.2 [err]Mwas used. As shown in Fig
10D, at hematin concentrations of 0.2 [err] M and greater, no detectable DNA
product is obtained. At 0.1 [err]M the detection of product is delayed by
3-4 cycles, suggesting that, in contrast_ggth the results obtained with 0
mM KCl or reduced enzyne, the efficiency of anplification is being

g_e]E ][i ment al byonditié esd ﬂdoﬂewc]tn_ ?Mﬁghkbh&ahﬂﬂﬁsﬁb@fanddiﬂﬁﬁkimmﬁgﬂy Thi s

i fference in reaction. Ll es_suggest s at _paffii | can
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11- 13, si npbeingdhe dut-off wavalength) and then bedongs highlystefpctiveas the wantldangth he

apparatus o >, 4| AMEEYd O er\ﬂ?% [ g,n-E% ' . e
overal | fl u%’? sgcelﬁgégm\ia hse obt ai nj %?@%%ste Nl ihe &d%ﬁ%ﬁg%&ﬁ&t e
f | uor escenc Eig}8cam prBsedthensithea fluptnseent bindingagentsase used such ayfyasesceing t o
Fig. 11, thepLraeenhat excihod £ ¢hiissioy Maveldngths ¢FabsEEI95and H20 ¢ien, #ésPectively.
obt ai ned. Then thde LOgessor. cal cuI&at S _nornal |.zat|opl factg,rs gor_ ach
sanpl e. The sitp the cg;pcco transmissivity an ectivity, a mirror as shown in Fig. 16 which 1s
“capable of transmitting about 85% of the excitation light, while reflecting about 98% of the
- emitted fluorescence toward camera 162’ has provided suitable results for detecting nucleic

amplification with ethidium bromide in accordance with the present invention.

The following is given for purposes of illustration and is not intended to limit the
invention. The specifications of one suitable dichroic mirror for separating excitation and
emission light when using ethidium bromide as a fluorescent binding light are as follows:
UV Transmitting 510 nm Cut-Off Short Pass: Transmission = 80% Avg. 300-500 nm and 2
65% absolute @ 300 nm; reflectivity 2 90% abs. 525-610 nm; hard refractary oxide surface
coating; substrate - Corning 7940 Fused Silicon; and Chamfer .010 x 45° all edges.
Manufacturers of suitable dichroic mirrors include Omega Optical, Inc. (VT) and Janos
Optical, Inc. (VT).. '

Although a low pass arrangement has ben described, a high pass dichroic mirror can
be used in the alternative. However, when using a high pass dichroic mirror, the positions - -
of lamp 14’ and camera 162’ are reversed as would be apparent to one of ordinary skill.

Returning to the arrangement of the componentry of the embodiment shown in Figs.
14 and 15, dichroic mirror 104 is hingedly secured to ridge or projection 126 by hinge 128
so that the mirror can be pivoted for access to heat exchanger 22. Ridge or projection 126 .
extends from upper wall 106 and is constructed to prevent or minimize light from light
source 14' from passing over hinge 128 toward camera 16a.

A light shutter, diagrammatically shown and designated with reference numeral 124 in
Fig. 15, is provided in accordance with the preferred embodiment to limit exposure of the
reaction samples to the excitation light. As diagrammatically shown in Fig. 15, shutter 124
can be slidably mounted to upper wall 106 to move between a first position (shown in solid
line) where aperture 116 is open and a second position (shown in dotted line) where it
covers aperture 116. The shutter can be spring-biased toward the closed position and R
solenoid actuated to the open position as is conventional in the art. The shutter can be
controlled, for example, to open only during the annealing/extension phase of each cycle
during PCR, i.e., when maximum fluorescence is expected. In this manner, the shutter
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fl uorescence value for each value in that cycle is normalized by

mul tiplying each fl uorescence value by its respective nornalization factor.
The processor then outputs the normalized val ues and the next cycle of

fl uorescence values are obtained. This is repeated until the all of the

fl uorescence i mages are processed. Referagng to Fig. 12, which illustrates

how t he fl uorescence val ues are obtai ned, the thernal cycler Is started ‘and
the excitation |light source energized as the canera controller waits for a

e pr oces Eapoves EER PRFEEARE By Reahis Bipid BEUSE S R 1T il e O

for a peri eacten sanmé@ondus mbadmcm, tiesamples are subjesteg itxmilatively song exttitation ve
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the i mage proces er cessor_frane gra er digitizes
i mage. %t {E{ﬁ? °aﬁE’r“St Vﬂres%&ngm FEQuanoffime the samplsis expes ts»ethchght
pr ocessi ngand, thus, €lifines Bfﬁgﬁﬁaﬁiil redmaumtprememldmdaemhgt Mﬂxo@g’!ﬁﬁe shitr

Bl e R R CE R R R
f 1 uor escenthe heal eoadudtingtblock antipthes) thelSampbesoords same othpemianndrive sentsil egaplent i |
a single fLyMGRAsHeex AR Hehr Wit BEthdhRingtb bohdti of BE'hA eApddER chllalf 2!

cycle. Then*the process
be used.

A field or plano convex lens 130 is provided between dichroic mirror 104 and lens
piece 120 of camera 162'. Field lens 130 deviates the rays reflected from mirror 104 inward
so that essentially all of the fluorescence emitted from the samples and heat exchanger 22 is
directed toward lens piece 120. Field lens 130 preferably is slidably mounted to housing
102 so that it can be moved toward or away from lens piece 120 depending on the
wavelength of the sample emissions as would be apparent to one of ordinary skill.

A single filter or a plurality of filters, such as a filter wheel, can be coupled to the
camera to permit only certain wavelength(s) to be detected. Referring to Fig. 15, a filter
wheel 132 is shown coupled to lens piece 120, as is conventional in the art, so that multiple
labels or targets can be detected and monitored. That is, the filters can be interchanged by
rotating the wheel so that detection is limited to the desired wavelength. The interchanging
step can be carried out during each annealing/extension phase or after a preselected number
of cycles depending on the application. Alternatively, it is contemplated to use a camera that
distinguishes wavelengths such as a spectral imager.

Referring to Fig. 15, a heated transparent or transmissive window or member 134
preferably is provided to improve thermal cycling conditions. Member 134 should be at
least sufficiently transmissive so as to allow for the effective excitation of the samples and
detection of the accompanying fluorescence. Heating member or window 134 can comprise
quartz, for example, and can be placed on reaction tubes 26 or slightly thereabove. Heating
member 134 generally is provided to maintain the thermal cycling temperature profiles of the
reaction mixtures to follow the preselected profiles as close as possible and minimize reflux.
The heating member is preferably maintained at a temperature within the range of about 95-
105°C, and preferably about 100°C. That is, the window is preferably maintained at 2
temperature corresponding to the denaturation temperature. Member 134 can be heated with
nichrome wire, for example, or other heating elements according to conventional practices. -
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outputs the stored values for that cycle. The foregoing is then repeéated |
for that cycle. Fig. 13 is a subroutine for the normalization factor
obtaining step illustrated in Fig. 11. First, the average value for all of
the cycle 1 floor values is determ ned. Then, that average is divided by
each fluorescence value in cycle 1 to-g8 rornalization factors for each
anplification reaction m xture which wll then be used for the remaining
cycles. Although the flow charts do not include cycle-to-cycle correction,
such can al so be accommodat ed by the processor.

-2t Referring to Fig. 17, a heating member using a nichrome wire heating element is
shown. Itis also noted that although heating element 134 is shown as covering a heat
exchanger having only 9 recesses, this is merely for purposes of simplifying the drawing.
Nichrome wire 136 can be embedded in member 134 or secured to the surface thereof. The
wire preferably is arranged not to extend over the recesses 24 in the heat exchanger and,
thus, not to interfere with the optical paths of the excitation and emission light. The wire
also is coupled to a conventional temperature controller 138 that maintains the temperature of

element 134 at the desired temperature.

A display preferably is coupled to the processor for displaying data such as indicating
if the target' sequence is present as well as its concentration. In addition, with the continuous
monitoring of the amplifications (discussed above), means for displaying the detected
amplifications can be displayed as the ampliﬁcaﬁbns are progressing. This enables
reductions in thermal cycling times. For example, if a decision can be made that a reaction
mixture contains the target sequence at a relatively early stage, the sample can be removed
and another placed in its position. Throughput is thereby increased. This is especially
advantageous when loading a heat exchanger with up to 96 wells with different reaction
mixtures (e.g., some testing for a genetic disease, some testing for HIV and so forth) or
when the m1xtures are loaded at different times.

The above is a detailed description of a particular embodiment of the invention. It is
recognized that deparrures from the disclosed embodiment may be made within the scope of
the invention and that obvious modifications will occur to a person skilled in the art. The
full scope of the invention is set out in the claims that follow and their equivalents.
Accordingly, the claims and specification should not be construed to unduly narrow the full
scope of protection to which the invention is entitled.
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Referring‘t0~Fi~gsa\l§Naggsigé a further enbodi nent of the excitation |ight
and fluore ce em SsSI O nsi ng arrangenent for use in conjunction with
appar at us E@ﬁ excitation and fluorescence sensing arrangenent
i s gener al Q’ﬂh reference nuneral 100 and generally conprises
a shell or housi g #02sf covering recexses 24 in a light-tight manner, a
| anmp or light source 14" for providing excitation light to reaction sanples
pl aced in the recesses, sensor or canera 16a' for detecting or sensing
fluorescence emtted fromthe reaction sagg%gﬁ and dichroic mrror 104 for

separating the excitation light and fluor ce em ssions so that
essentially only the em ssions arge detected by ca

fluorescence or ahpMl SRPEREUSIAr MQRiorng mulgplequglgicac c{j@éﬁfpaqggansd%@yganeously
Housi ng or shglahcﬁﬁedﬁ‘mqm iségvi ng a top waII 106, side walls 108,

110, front wall an r. 102,1L5 nount e on
t he upper surface? %‘le”ﬂ ﬁﬁq %@é“lngrajhf? 05 hﬁ‘gﬂ Hjﬁ
exchanger 22 thestin;tidis, recesses 24, whi ch are for med therel n and Si zed to

receive a number pfe LyheSingl Pkl 15ht St dif sdifl rfRkdds, simultaneously.

2. An apparatus according to claim 1 characterized in that it further comprises a light
source optically coupled to said thermal cycler and arranged to distribute light over a portion
of said heat conducting member having a plurality of said recesses formed therein.

3. An apparatus according to claim 1 characterized in that it further comprises means
for generating an average value for light detected by said sensor with respect to each light
emitting recess.

4. An apparatus according to claim 1 characterized in that
it further comprises means for cycling the temperature of said heat conducting member
according to a presélected temperature versus time profile for multiple cycles and
multiple nucleic acid amplification reaction mixtures, each comprising a fluorescent binding
agent, each mixture being disposed in a different one of said recesses;
and in that
said light source provxdes an essentially uniform light flux over a portion of said heat
conducting member and a number of said reaction mixtures; and .
said sensor is optically coupled to said heat conducting member for detecting fluorescence
emitted from each amplification reaction mixture excited by said light flux, simultaneously.

5. An apparatus according to claim 4 characterized in that it further comprises means
for generating an average fluorescence intensity value for each excited reaction mixture based
on the detected fluorescence therefor.

6. An apparatus according to claim 5 characterized in that it further comprises means
for generating normalized fluorescence intensity values from said average ﬂuorcsccnce
intensity values.

7. An apparatus according to claim 1 characterized in that /

said recesses of the heat conducting member of the thermal cycler are formed through a
surface thereof for receiving reaction vessels containing a nucleic acid amplification reaction
mixtures; andinthat —~—
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nucl @—%%mn sanpl es. More specifically, housing 102 is
constructed so as a light-tight chanber for the sanples placed in
sanpl e mw'ﬁﬂ H"pas the optical paths between the |ight source and
t he sa | es and the sensor. Accordingly, the housing is
mount ed t 0° th'errﬂa sC er 12 to provide 3 |4 ght-tight connection

t herebetween. In addltlon, except for apertures 116 and 118, which are
configured to receive excitation |light source or lanp 14" and Iens pi ece

casenti al Iy “Rg oot issn TmiBing Beies bokieally oopiall g IR GER ot U0
conprise a genezating antimage gf seid surface and reattion vesselsrwhen spidivessely are,disposedting s
pl asti cs, tgﬁhmqﬁugﬁessgggﬁha@gﬁaﬁun %we heat conducting nenber 22 and

t he sarrpl es In e suitaBle material for the housing walls is

pol ycar bonat e. A nmechanj,smi g .provided to ,access the interior
housing or shel & QBZP%EF“SN‘FH@“ ‘ﬁﬂ-@ hshﬁé%wm%&m‘zﬂdeﬁzht

Ref erri ng t @véd 2f heddconddctby méhbeartsuifadd. 112 can be hingedly secured to top
wal | 106 by hinge 122 in order to provide such access. Al though a

parti cul ar conf ggup 3t i 00, 083 RESIASSE! 4 RELH bk KgS0GEEe fsArlifed 18 il

shoul d be
light essentially uniformly along said heat conducting member surface.

10. An apparatus according to claim 8 wherein said light source comprises 2 UV lamp. .

11. An apparatus according to claim 7 wherein said imaging device comprises a CCD-
imaging array. '

~ 12. An apparatus according to claim 1 characterized in that said heat conducting

member of the thermal cycler has multiple recesses formed therein and adapted for receiving
nucleic acid amplification reaction mixtures, and in that said apparatus further comprises

2 housing positioned over said heat conducting member and coupled to said thermal
cycler; '

a light source arranged to emit light in said housing and towa.rd said recesses, and

a dichroic mirror positioned in said housing and above said recesses, said dichroic
mirror being transmissive to light having a first wavelength and reflective to light having a
second wavelength that differs from said first wavelength; and

said sensor being arranged to receive light reflected from said second surface of said
dichroic mirror.

13. An apparatus according to claim 12 wherein said dichroic mirror is transmissive to
light having a wavelength corresponding to the wavelength of light generated by the
excitation light source and reflective to light having a wavelength corresponding to the
wavelength of fluorescence emitted from a nucleic acid amplification mixture when that
mixture is disposed in one of said recesses and exposed to light from the light source.

14. An apparatus according to claim 12 wherein said dichroic mirror is transmissive to
light having a wavelength in the range of about 200-550 nm. ~

———

15. An apparatus according to claim 12 wherein said housing comprises opaque
material and is constructed to form a light-tight chamber in which said dichroic mirror and
sensor are arranged.  —————

——— This 13 the replacement sheet
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understﬂighge ngnﬁfﬁla&gnflguratlons can be used to forma light-tight

chanber trton and fluorescence em ssions |ight paths as well
as the h elenents housed i n housing 102 which are descri bed
in nore Lanp or light source 14' essentially differs
fromlanp 14 in configuration. Lanp 14~ 3#éctudes a condensing shield or
shroud 14a' and bulb or filanment 14b' for enitting light as does lanp 14

and as i s conve in the ayt selected t rowdn | i ht
havi ng a wavel eﬁé&g"@m’m 6??8}"{\%%%% ’@T‘F@'Fﬁ"@f qng 'E“ g roEmRs

excite the fipperasfaeeindsaididicirokoeirtor fomecantangle déftabosid ) vt saidepper sirfade.
For exanple, when using ethidium brom de as a fluorescent binding agent,

light source 1404 gTSLARLY alcdrfifil &GS 1Pwhleln 4 {cnSi¥ colfipriles a charge

coupled device.

18. An apparatus according to claim 12 further including a shutter coupled to one of
said light source and housing for permitting said recesses to be exposed to said light source
at preselected intervals. ' '

"19. An apparatus according to claim 12 further including 2 window comprising
transparent material and a heating element coupled thereto, said window being disposed
above said recesses and below said dichroic mirror.

20. An apparatus according to claim 12 further including a field lens mnged between
said dichroic mirror and said sensor.

21. An apparatus according to claim 12 further including a filter wheel that is coupled
1o said sensor.

22. An apparatus according to claim 1 characterized in that said heat conduéﬁng
member of the thermal cycler has multiple recesses formed therein and adapted for receiving
nucleic acid amplification reaction mixtures including a nucleic acid sequence and 2
fluorescent binding agent and in that said apparatus further comprises

a housing positioned over said heat conducting member and being coupled to said
thermal cycler;

a light source arranged to emit light in said housing;

a sensor arranged in said housing; and

a dichroic mirror positioned in said housing and above said recesses, said dlchrmc |
mirror being transmissive to light having a wavelength corresponding to the wavelength of
light generated by the excitation light source and reflective to light having a wavelength
corresponding to the wavelength of fluorescence emitted from a nucleic acid amplification
mixture, including a fluorescent binding agent, when that mixture is disposed in one of the
recesses formed in the heat conducting member and exposed to light from the excitation light
source, said mirror be oriented to form an optical path between said recesses and said
Sensor.

23. An apparatus according to claim 22 wherein said dichroic mirror includes a first
surface and a second surface, said first surface generally facing said light source and said
nd surface generally facing said recesses and
seco £ y g5 senso:rhls is the replacement shest
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302 nm ( ommercially available from U V. Products, Inc. (CA
under m)d 302 nm. It should be understood, hovvever, t hat
et hi di um excited at a wavel ength of about 480 nm as well
as at about 302 nm |In addition, other fluorophores, such as other. DNA

bi ndi ng dyes or the 5 nuclease honogeneaus.assay probes described above,
can be excited by non-UV wavel engths. Thus, a |ight source that generates
480 nm |ight can4ba mamcﬁformdnﬁmgttmmmuefamoﬁcmuclcicgidsequurce&sat hat

generate 480 nm_| | agﬁ ggﬁrﬁéﬂ yeprovide a spectrumof visible light.
Accordi ngly, SaRRIE: ight source, a filter is used to obtain
the desired 480 pmmdmg pudtpleGmplifidarion reaagior} mgmres.@mlmcladmarsgld@cmﬁoamlm
used as |0Q91das§?ﬁéﬁ@c Stk YR WBbAA Do Taltir ?gea
m Xt ures. anoch nmeters apnd . | asers are exanpl es of sui tabl e ht
Sour ces. g an amplification reaction mixture having an unknown conccmranon of said
spccxﬁc nucleic acid sequence, and a fluorescent binding agent;
thermal cychng said amplification reaction mixtures of known and unknown nucleic
acid concentration in parallel for multiple cycles;
determining the number of cycles necessary for each reaction mixture to ﬂuoresce ata
certain intensity value; and
comparing the number of cycles necessary for the mixture of unknown nucleic acid
concentration to reach said value to the number of cycles necessary for a number of the
mixtures of known nucleic acid concentration to reach said value to obtain the initial quanuty

of said specific nucleic acid sequence in said mixture of unknown concentration.
sk

-28 - V\m@hggglgghegl;lzﬁgéat 302 mm A suitable |ight source for providing

* [ L M S *
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Lanp 14' is coupled to housing 102 such that the excitation light is
directed through aperture 116, which is centered over recesses 24 to

m ni m ze nonuni formlight distribution thereover, and toward any sanples.
contained in recesses 24. It should be understood that |anp 14" can be
positioned at other locations as well= ¥or-exanple, |lanmp 14' can be

conpl etely housed in housing 102 and aperture 116 elim nated. However, the
light emtting elenent, e.g., bulb 14b, is preferably parallel to the upper
surface of heat exchanger wéframTRe MOLEEPOECRENDTIONBESSES tO enhance the

uniformty of the light gigéitintoes.y VAN tAalvaiNe sANEger for the
- reasons di scussed above. If a filter is used to obtain the desired

wavel ength, the filter can be nmounted, for _exanple, to the housing at
aperture 116 between the optical path oﬁgﬁﬁﬁﬁlanp and the sanpl es provided
in recesses 24. Dichroic mrror 104, which preferably is a |ow pass
di chroi ¢ m rr orAn appapanss fior mositoning switple nuclsic acid amplifibations sinddtanenhsly. In
preferably fes : Vg f t
exchanger 1 Big 8 pRARlc e echt Ridhin AN 4t he bitphRAciiR et bf ARG bt

t he ar r angesmeplificavensrsimyltanpeusty; eRpRATatus ishaBreTiacd inshat Hromprises 3 terpals s

di chroi ¢ migyRE (12) including a heat conducting member having multiple recesses formed therein; and

a sensor (16a) arranged for detecting light emitted from said recesses, simultaneously.

Fig. 2
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constructed to be transm ssive or transparent to |ight having a wavel ength
corresponding to that emtted fromexcitation |light source 14' and
reflective to light having a wavel ength corresponding to that emtted by
the sanples in recesses 24 when exposed to the excitation |light (see Fig.
15). O course, the-transm ssive and refl®ctive characteristics of the
dichroic mrror are selected according to the particular application. For
exanpl e, when using ethidi umbronm de as the fluorescent binding agent, the
excitation |ight wavel ength can be about 302 or 480 nm as di scussed above.
In either case, the em ssion wavelength is about 600 rm Thus, tde dichroic

mrror can be constrjucted such that it is transm ssive to Iight'_aving a
wavel engt h of about }302 or 480 nmor transm ssive to both aboyt 302 and
about 480 wavel ength light. In both cases the dichroic mrror ifs
constructed to be regflective to |ight having a wavel ength of alout 600 nm
Fig. 16 shows a transm ssivity v. wavel ength curve that is repriesentative
of suitable characteYistics for the dichroic mrror when using |gthidi um
| -8
o S
9
0.
«~N
— o
— L ©
- ]
" - ©
—-==:—-—'——': —
8 A
m L]
w O
< o = P
= -
NG -8 L
v T
ul
wl
w0
o
L O
o]
W~N
© @ S
[
é ] 1 1] 1] T T T T __.‘ “,o
+ o
® +
<] S
o b
- 0

FLUORESENCE INTENSITY (cps)
L ' a
. },
o [+]

FLUORESCENCE INTENSITY (cps)

020Y

OE0b 000

Viold

(°03S) anL

This is the replacement sheet

0 2 APR S

Date:



-29 - bromde as a fluorescent binding agent In this exanple, the dichroic
mrror is highly transmssive to |ight having a wavel ength in the range of
about 300 to 510 nm (the latter being the cut-off wavel ength) and then
beconmes highly reflective as the wavel ength approaches 600. It is also
noted that a dichroic..mirror having the preperties illustrated in Fig. 16
can be used when other fluorescent binding agents are used such as
fluorescein. Fluorescein has excitation and em ssion wavel engt hs of about
495 and 522 nm respectively. As to the degree of transmssivity and
reflectivity, a mrror as showmn in Fig. 16 ich is capable of transmtting
about 85% of the excitation |light, while re I ng about 98% of the
emtted fluoregcence toward canera 16a’ has| providgd suitable results fo

detecting nucl®ic © .
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anplification with ethidiumbromde in accordance with the present

I nventi on. The following is given for purposes of illustration and
~i's not intended to limt the invention. The specifications of one suitable
dichroic mrror for separating excitation-and em ssi'on |ight when .using

et hi di um brom de as a.fluorescent bindi-ng |4 ght are as follows: W/
Transmtting 510 nm Cut-Of Short Pass: Transm ssion [err] 80% Avg. 300-500
nmand [err] 65% absolute @300 nm reflectivity [err] 90% abs. 525-610 nm
hard refractary oxi de surface coating, substrate - Corning 7940 Fused
Silicon; and Chanfer.010 x 45 all edges. Manufacturers of suitable dichroic
mrrors include Orega Optical, Inc. (VT) and Janos Optical, Inc. (VT).

Al t hough a | ow pass arrangenent has been described, a high pass dichroic
mrror can be used in the alternative. However, when using a high pass
dichroic mrror, the positions of |anp 14' and canera 16a' are reversed as

woul d be apparent to one of ordinary skill.
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Returning to the arrangenent of the conponentry of the enbodi nrent shown in
Figs. 14 and 15, dichroic mrror 104 is hingedly secured to ridge or
.projection 126 by hinge 128 so that the mrror can be pivoted for access to
heat exchanger 22. Ridge or projection 126 extends from upper wall 106 and
is constructed to prevent or mnimzedight fromlight source 14" from
passi ng over hinge 128 toward canera 16a. A light shutter,

di agrammati cal |l y shown and designated with reference nuneral 124 in Fig.

15, is provided in accordance with the preferred enbodinment to limt
exposure of the reaction sanples to the excitation light. As
diagrammatically shown in Fig. 15, shutter 124 can be slidably nounted to
upper wall 106 to nove between a first position (shown in solid Iine) where
aperture 116 is open and a second position (shown in dotted Iine) where it

covers aperture 116. The shutt ey sprin gi ased toward the cl osed
posi tion and sol enoid actuated §o the o i I nventional in
the art. The shutter can be conympaA&iRg. | for exanple, to openjonly during
t he anneal i ng/ ext ensi on phase ol pEMigeEclcl e during PCR, i.e.| when maxi num
fluorescence is expected. In thi{s manne
' ' 46
-+ . Law LENS ILAMH : v
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N
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- 30 - i nproves system performance by increasing sanple stability. Since
the lanp is closer to the reaction sanples in this enbodi nent, the sanples
are subjected to relatively strong excitation light intensity, which can
cause sanpl e degradati on or photo-deactivation, otherw se known as

"bl eaching." The shutter nininizes the-alount of time the sanple is exposed
to the Iight
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and, thus, elimnates or significantly reduces the problem of bleaching.
Al t hough the shutter is shown coupled to housing 102, it can be coupled to
lanp 14', positioned directly above the heat conducting bl ock and, thus,
the sanples or in sone other manner to control sanple exposure to the
excitation light. Oher nechanisnms to cdntrol or time such exposure can

al so be used. A field or plano convex lens 130 is provided between
dichroic mrror 104 and | ens piece 120 of camera 16a' . Field lens 130
deviates the rays reflected frommrror 104 inward so that essentially al
of the fluorescence enmtted fromthe sanples and heat exchanger 22 is
.directed toward I ens piece 120. Field lens 130 preferably is slidably
nounted to housing 102 so that it can be noved toward or away from | ens

pi ece 120 dependi ng on the waJyel'engih off the [sanplle emj|ssions as woul d be
apparent to one of ordinary sHKil$ 5 Ain@® [fibter & | plurality of

filters, such as a filter whedql  __can be lcouph the kcanerh to permt
only certain wavel ength(s) to{be ddte d. Referri tof Fig.| 15, a filter
‘ 5 O | 200 200 | | S 26
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wheel 132 is shown coupled to |l ens piece 120, as is conventional in the
art, so that nultiple |abels or targets can be detected and nonitored. That
is, the filters can be interchanged by rotating the wheel so that detection
islimted to the desired wavel ength. The interchanging step can be carried
out during each anneal.i ng/ extensi on phasg er after a presel ected nunber of
cycl es depending on the application. Alternatively, it is contenplated to
use a canera that distingui shes wavel engths such as a spectral inager.
" Referring to Fig. 15, a heated transparent or transmni ssive w ndow or nenber
134 preferably is provided to inprove thermal cycling conditions. Menber
134 should be at least sufficiently transm ssive so as to allow for the
effective excitation of the sanples and detection of the accompanying
fluorescence. Heating nenber or w ndow 134 can conprise quartz, for
exanpl e, and can be placed on reaction tubes 26 or slightly thereabove.
Heating nmenber 134 generally is provided to maintain the thermal cycling
tenperature profiles of the.reaction mxtures to follow the presel ected
profiles as close as possible and mnimze reflux. The heating nenber is
preferably naintaégfg_at a tenperature within the range of about 95-
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7105[err] C, and preferably about 100[err]C. That is, the windowis
preferably maintained at a tenperature corresponding to the denaturation
tenperature. Menber 134 can be heated with nichrone wire, for exanple, or

ot her heating el enents according to conventional practices.
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Referring to Fig. 17, a heating nenber using a nichrone wire heating

el enment is shown. It is also noted that although heating elenment 134 is
-shown as covering a heat exchanger having only 9 recesses, this is nerely
for purposes of sinplifying the drawing. N chrome wre 136 can be enbedded
in menber 134 or secured to the surface S hereof. The wire preferably is
arranged not to extend over the recesses 24 in the heat exchanger and,

thus, not to intéerfere with the optical paths of the excitation and

em ssion light. The wire also is coupled to a conventional tenperature
controller 138 that maintains the tenperature of elenent 134 at the desired
t enperat ure. A display preferably is coupled to the processor for

di splaying data such as indicating if the target sequence is present as
wel |l as its concentration. In addition, with the continuous nonitoring of
the anplifications (discussed above), nmeans for displaying the detected
anplifications can be displayed as the anplifications are progressing. This
enabl es reductions in thermal cycling tines. For exanple, if a decision can
be made that a reaction mixture contains the target sequence at a
relatively early stage, the sanple can be renoved

N 0 102 105 10% 105 108 17 108 = INITIALCOPY NUMBER
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and another placed in its position. Throughput is thereby increased. This
is especially advant ageous when | oadi ng a heat exchanger with up to 96
wells with different reaction mxtures (e.g., sone testing for a genetic

di sease, sone testing for HV and so forth) or when the m xtures are | oaded
at different tines.. .. The above is-all@etail ed description of a
particul ar enbodi nent of the invention. It is recognized that departures
fromthe disclosed enbodi rent nay be nade within the scope of the invention
and that obvious nodifications will occur to a person skilled in the art.
The full scope of the invention is set out in the clains that follow and
their equivalents. Accordingly, the clains and specification should not be
construed to unduly narrow the full scope of protection to which the
invention is entitled.
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32 -

apparatus for
tharacterized in that it conprises:
a heat conducting nmenber
surface thereof for receiving reaction 11 vessels,
vessel s contai ning each a nucleic acid

(a) a

d ai ns
nmonitoring nmultiple nucleic acid anplifications

1. An

t hermal cycler including

having 5 nultiple recesses fornmed through a

at | east sone of said

anplification reaction m xture;

(b) an imagi ng device optically coupled to said heat conducting nenber
for generating an imge of the surface of the surface and the reaction 10 -
vessel s when the reaction vessels are-disposed in the recesses of the heat
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conducti ng nenber, and (c) a light source arranged to provide |ight
over the surface of the heat conducti ng nenber. 2. An
‘apparatus according to claim1l characterized in that it further 15
conprises neans for generating an average value for |ight detected by the

i magi ng device with respect to |ight enil@ted fromeach reaction vessel in
one of said nultiple recesses. 3. An apparatus according to
claim1l1 characterized in that it further conprises 20 (a) means for
cycling the tenperature of the heat conducting nenber - according to a
presel ected tenperature versus tinme profile for multiple ~ cycl es;

.(b) nmultiple nucleic acid anplification reaction m xtures, each m xture
conprising a fluorescent binding agent and being disposed in a different
one :
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25 of the recesses; and in that (c) the light source provides
an essentially uniformlight flux toa - plurality of the reaction

m xtures; and (d) the inmaging device being optically coupled to
the plurality of 30 reaction.m xtures for sinultaneously detecting
fluorescence emtted from each of tHB pturality of reaction m xtures.
4. An apparatus according to claim3 characterized in that it further
conprises neans for generating an average fluorescence intensity value for
each excited reaction m xture based on the detected fluorescence therefor.
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-33 - 5. An apparatus according to claim4 characterized in that
it further conpri ses neans for generating nornalized fluorescence
intensity val ues fromthe average fl uorescence intensity val ues.

6. An apparatus according to claim1l wheréin said’light source is 5
arranged to distribute |ight essentiall f4uri formly al ong-sai d heat

conducting . nenber surface. 7. An apparatus according to claiml
wherein said |ight source
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conprises a WV | anp. 8. An apparatus according to claim1 wherein
said i magi ng device 10 conprises a CCD-imaging array. 9. An
apparatus according to claim 1l characterized in that it further

conpri ses ~a housing positioned over the heat conducting nenber and
coupled to the .thermal cycler; 15 - 15a-1ight source arranged to enit
light in the housing and toward a plurality of the recesses; and

a dichroic mrror positioned in the housing and optically coupled to the

| i ght source and to the plurality of recesses, the dichroic mrror being
transm ssive to light having a first predeterm ned wavel ength and
reflective 20 to Iight having a second predeterm ned wavel engt h t hat
differs fromthe first

START
GET CYCLE |
FLUORESCENCE
CALCULATE
NORMALIZATION
FACTORS ' AVERAGE CYCLE |
'i | FLUORESCENCE VALUES
FLNORMALIZE ) . L
UORESCENCE DIVIDE AVERAGE .
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} . - VALUE TO GET
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GET NEXT
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predet erm ned wavel ength; and t he i magi ng device being optically
"coupled to the dichroic mrror and arranged for sinultaneously
detecting light emitted fromthe plurality of the recesses. 25

10. An apparatus according to claim9 wherein the first predeterm ned

wavel ength corresponds to the wavel engthl6f-1ight generated by the |ight
source and the second predeterm ned wavel ength corresponds to the

wavel engt h of fluorescence light emtted froma nucleic acid anplification
m xture when that m xture is disposed in one of the recesses and exposed to
30 light fromthe Iight source. 11. An apparatus according to
claim9 wherein the first predeter i FEART wavel ength is about 200-550 nm
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-34 - 12. An apparatus according to claim9 wherein the housing

conpri ses opaque material and i's constructed to forma light-tight
chanber in which the dichroic m.rror and the inmaging device are
ar r anged. 13. An apparatus according to claim9 wherein the heat

conducting 5 menber has an upper surfaeelmnd the dichroic mirror forns an
angl e of

122

02—
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aﬁout 45[err] with the upper surface. 14. An apparat us according'

te claim9 wherein said i magi ng device conpri ses a charge coupl ed

devi ce. - 15. An apparatus according to claim9 further conprising a
shutter for 10 regul ating the exposure of the recesses to the |ight source
at presel ected i ntervals. 1618AR apparatus according to claim?9
further conprising a wi ndow conprising transparent material and a
heati ng el enent coupled thereto, the wi ndow bei ng di sposed between the
recesses and the dichroic mrror. 15 17. An apparatus according to
claim9 further conprising a field lens arranged between the dichroic

mrror and the inmagi ng device.
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“18. An apparatus according to clai m 9 further conprising a filter wheel

coupled to the 1 nmagi ng devi ce. 19. ‘An apparatus according to
claim1l that each of the 20 nucleic acid anplification
reactlonﬂm“fmlmll lﬂmums a nucleic acid -32-<sequence and a fluorescent

bi ndi ng agent and® nsthat said apparatus further conpri ses a
housi ng positioned over the heat conductg_mngéanber and bei ng coupled to
the thermal cycler; 25 the light source being arranged to emt light in

t he housi ng;

the i,magi ng deyi ce bei rran ed in,the ;hou |n a
a i chroi ¢ ni rr ol ABsRPPRFARIS, T REDHEFEE, rHRIS RAGEIE Aed amRlifications,
di chroi ¢ m r chardutériged iarthaitssicomprdsds: ght havi ng a wavel engt h

corresponding t o(e sHENEhPRGhar Ghelddihl HRBEE B88ubbing Wekb8Phateigce and

5
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multiple recesses formed through a surface thereof for receiving reaction
vessels, at least some of said vessels containing each a nuclelc acid
amplification reaction mixture;

(b) an imaging device optically coupled to said heat conducting member
for generating an image of the surface of the surface and the reaction
vessels when the reaction vessels are disposed in the recesses of the heat
conducting member, and

(c) a light source arranged to provide light over the surface of the heat
conducting member.

2. An apparatus according to claim 1 characterized in that it further
comprises means for generating an average value for light detected by the
imaging device with respect to light emitted from each reaction vessel in one
of said multiple recesses.

3. An apparatus according to claim 1 characterized in that
it further comprises .

(a) means for cycling the temperature of the heat conducting member .
according to a preselected temperature versus time profile for multiple
cycles;

(b) multiple nucleic acid amplification reaction mixtures, each mixture
comprising a fluorescent binding agent and being disposed in a different one
of the recesses;
and in that

(c) the light source provides an essentially uniform light flux to a
plurality of the reaction mixtures; and :

(d) the imaging device being optically coupled to the plurality of
reaction mixtures for simultaneously detecting fluorescence emitted from
each of the plurality of reaction mixtures.

4. An apparatus according to claim 3 characterized in that it further
comprises means for generating an average fluorescence intensity value for
each excited reaction mixture based on the detected fluorescence therefor.
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;30 refM| ng a wavel ength corresponding to the wavel ength

mmﬂ" ted froma nucleic acid anplification mxture,
[ ncI udi '"’ml‘fm’ ent bi ndi ng agent, when that mxture is disposed in
one of th -35 -

recesses forrred in the heat conducting rrenb_%_and exposed to light from
the light source, the mrror be oriented to™orman optical path between
t he recesses and the imgi ng devi ce.

5. An apparatus according to claim 4 characterized in that it further
comprises means for generating normalized fluorescence intensity values
from the average fluorescence intensity values.

6. An apparatus according to claim 1 wherein said light source is
5 arranged to distribute light essentially uniformly along said heat conducting
member surface. -

7. An apparatus according to claim 1 wherein said light source
comprises a UV lamp.

8. An épparatus according to claim 1 wherein said imaging device
10 comprises a CCD-imaging array.

9. An apparatus according to claim 1 characterized in that it further
comprises
a housing positioned over the heat conducting member and coupled to
the thermal cycler;
15 a light source arranged to emit light in the housing and toward a
plurality of the recesses; and
a dichroic mirror positioned in the housing and optically coupled to the
light source and to the plurality of recesses, the dichroic mirror being
transmissive to light having a first predetermined wavelength and reflective
20 to light having a second predetermined wavelength that differs from the first
predetermined wavelength; and _
the imaging device being optically coupled to the dichroic mirror and
arranged for simultaneously detecting light emitted from the plurality of the
recesses. :

% 10. An apparatus according to claim 9 wherein the first predetermined
wavelength corresponds to the wavelength of light generated by the light
source and the second predetermined wavelength corresponds to the
wavelength of fluorescence light emitted from a nucleic acid amplification
mixture when that mixture is disposed in one of the recesses and exposed to

30 light from the light source.

11. An apparatus according to claim 9 wherein the first predetermined
wavelength is about 200-550 nm.
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-20. An apparatus according to claim 19 wherein said dichroic mrror 5
conprises a first surface and a second surface, the first surface generally

Iggieggets ﬂ“lmm"m llmlmgg ég\e“ (s;gcond surface generally facing the

-34-

12. An apparatus according to claim 9 wherein the housing comprises
opaque material and is constructed to form a light-tight chamber in which
the dichroic mirror and the imaging device are arranged.

13. An apparatus according to claim 9 wherein the heat conducting
5 member has an upper surface and the dichroic mirror forms an angle of
about 45° with the upper surface.

14. An apparatus according to claim 9 wherein said imaging device
comprises a charge coupled device.

15. An apparatus according to claim 9 further comprising a shutter for

10 regulating the exposure of the recesses to the light source at preselected
intervals.

16. An apparatus according to claim 9 further comprising a window
comprising transparent material and a heating element coupled thereto, the
window being disposed between the recesses and the dichroic mirror.

15 17. An apparatus according to claim 9 further comprising a field lens
arranged between the dichroic mirror and the imaging device.

18. An apparatus according to claim 9 further comprising a filter wheel
coupled to the imaging device.

19. An apparatus according to claim 1 characterized in that each of the
20 nucleic acid amplification reaction mixtures includes a nucleic acid
sequence and a fluorescent binding agent and in that said apparatus further
comprises
a housing positioned over the heat conductmg member and being:
coupled to the thermal cycler; _
P53 the light source being arranged to emit light in the housing;
the imaging device being arranged in the housing; and
a dichroic mirror positioned in the housing and above the recesses, the
dichroic mirror being transmissive to light having a wavelength
corresponding to the wavelength of light generated by the light source and
20 reflective to light having a wavelength corresponding to the wavelength of
fluorescence emitted from a nucleic acid amplification mixture, including a
fluorescent binding agent, when that mixture is disposed in one of the
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recesses formed in the heat conducting member &nd exposed to light from
the light source, the mirror be oriented to form an optical path between the
recesses and the imaging device.

20. An apparatus according to claim 19 wherein said dichroic mirror
5 comprises a first surface and a second surface, the first surface generally

facing the light source and the second surface generally facing the recesses
and the imaging device. '
dokk
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