THERMAL BLOCK ASSEMBLIES AND INSTRUMENTS PROVIDING LOW THERMAL
NON-UNIFORMITY FOR RAPID THERMAL CYCLING

FIELD

[0001] The field of the present teachings is for a thermal block assembly for a thermal
cycling apparatus.

BACKGROUND

[0002] The analysis of thermal non-uniformity (TNU) is an established atiribute of the art for
characterizing the performance of a thermal block assembly, which may be used in various
bioanalysis instrumentation. The TNU is typically measured in a sample block portion of a
thermal block assembly, which sample block may engage a sample support device. The
TNU may be expressed as either the difference or the average difference between the
hottest and the coolest locations in the sample block. For example, the TNU may be
determined as a difference or average difference between a hottest and a coldest sample
temperature or position in a sample block. An industry standard, set in comparison with gel
data, may express a TNU so defined as a difference of about 1.0 °C, or an average
difference of 0.5 °C. Historically, the focus on reducing TNU has been directed towards the
sample block. For example, it has been observed that the edges of the sample block are
typically cooler than the center. One approach that has been taken to counteract such edge
effects is to provide various perimeter and edge heaters around the sample block to offset
the observed thermal gradient from the center to the edges.

[0003] In the present teachings, modeling was validated for comparing trends in various
thermal block assembly designs using experimental data. Such modeling lead to a redesign
of the thermal block assembly, which embodiments according to the present teachings are in
contrast to various established teachings of the art.



SUMMARY

{00041 According to a first aspect of the present invention, there is provided a thermal block
assembly for thermal cycling comprising: a sample block having a first surface and a second
surface, wherein the first surface is adapted for receiving a sample support device; a heat
sink comprising a base having a first surface, a second surface and a plurality fins pendant
the second surface, wherein a space between each fin provides for a flow path for air
passing from an inlet side of the plurality of fins to an outlet side the plurality of fins; and a
plurality of thermal electric devices positioned between the sample block and heat sink,
wherein the footprint of the plurality of thermal electric devices effectively matches the
footprint of the second surface of the sample block and first surface of the heat sink to
provide substantially uniform heat transfer throughout the thermal block assembly.

[0004a] According to a second aspect of the present invention, there is provided an
apparatus comptrising a control system, and a thermal block assembly as defined in the first

aspect.

1a
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BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1A and FIG. 1B are figures of various prior art thermal block assembiies.

[0006] FIG. 2 is a schematic that depicts idealized thermal profiles for a sample block and
heat sink for various thermal block assembilies.

[0007] FIG. 3 depicts the thermal modeling of a heat sink, according to various thermal
block assemblies.

{0008} FIG. 4 depicts the thermal modeling of a sample block, according to various thermal
block assemblies.

{0009} FIG. 5 depicts the thermal modeling of a heat sink, according to various
embodiments of a thermal block assembly providing low thermal non-uniformity (TNU).

[00010] FIG. 6 depicts the thermal modeling of a sample block, according to various
embodiments of a thermal block assembly providing low thermal non-uniformity (TNU).

[00011] FIG. 7 is a perspective view comparing two heat sinks, according to various
embodiments of a thermal biock assembly.

[00012] FIG. 8 is a top perspective view comparing two heat sinks each having a thermal
control sub-assembly mounted thereupon, according to various embodiments of a thermal block
assembly.

[00013] FIG. 9 is an exploded view of a thermal block assembly, according to various
embodiments of a thermal block assembiy.

[00014] FIG. 10 is a bottom perspective view of a heat sink sub-assembly with fan mount,
according to various embodimentis of a thermal block assembily.

[00015] FIG. 11 is side view of a thermal block assembly, according to various embodiments
of a thermal block assembly.

[00016] FIG. 12A is bottom view of a heat sink sub-assembly, and FIG. 12B is a side view of
a heat sink sub-assembly, according to various embodiments of a thermal block assembly.

[00017] FIG. 13 is side view of a thermal block assembly, according to various embodiments
of a thermal block assembly.

[00018] FIG. 14A is a graph depicting the block temperature and thermal non-uniformity of a
thermal block assembly approaching and during a hold period for a setpoint temperature of 60
°C. FIG. 14B is a graph depicting the block temperature and thermal non-uniformity of a thermal
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block assembly approaching and during a hold period for a setpoint temperature of 60 °C,
according to various embodiments.

[00018]  FIG. 15B is a graph depicting the block temperature and thermal non-uniformity of a
thermal block assembly approaching and during a hold period for a setpoint temperature of 95
°C. FIG. 15A is a graph depicting the block temperature and thermal non-uniformity of a thermal
block assembly approaching and during a hold period for a setpoint temperature of 95 °C,
according to various embodiments.

[00020] FIG. 16 is a block diagram of an instrument that may utilize various embodiments of
a thermal block assembly.

[00021] FIG. 17 is a block diagram of an instrument that may utilize various embodiments of
a thermal block assembly.

[00022] FIG. 18 is a block diagram that illustrates components of an exemplary computer
system that may be utilized in the control and interface of instrumentation comprising various
embodiments of a thermal block assembly.

DETAILED DESCRIPTION

[00023] The present teachings disclose various embodiments of a thermal block assembly
having low thermal non-uniformity throughout the assembly. As will be discussed in more detail
subsequently, various embodiments of thermal block assemblies having such low thermal non-
uniformity provide for desired performance of bicanalysis instrumentation utilizing such thermal
block assemblies.

[00024] For understanding aspects of the present teachings, consideration of some of the
teachings representative of the art of thermal block assemblies for bioanalysis may add
perspective. In FIG. 1A, a thermal block assembly depicted includes a sample block sub-
assembly with reaction wells (12) placed upon base plate (13), a thermal control sub-assembly
(14) that includes a plurality of thermal electric devices, a heat sink sub-assembly (15) with fins
{(16), and a fan {(17) (see Chu et al. US 6,962,821). For the purpose of the present teachings, it
is worthy to note the position of the fan beneath the heat sink sub-assembly, and the
arrangement of the thermal electric devices in the thermal control sub-assembly; most
particularly the arrangement in which gaps between the thermal electric devices are evident. In
F1G. 1B, the thermal block assembly depicted includes a sample block (2), with a resistive
heater (5) built into the sample biock (2) by insertion into through hole (4}, where sample block
(2} includes wells (3) for holding reaction vessels. Opticnally, the thermal biock assembly of
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FIG. 1B also includes heat sink (7) operated with fan (9), as well as resistive heaters (8) and
(10) (see Danssaert et al. US 6,962,821). In this thermal block assembly; particularly designed
for producing a gradient across sample block (3), the use of resistive heating, as well as the
optional use of the heat sink for creating a gradient across the sample block are noteworthy. In
particular, fan (9) is a type of axial fan commonly used in the art in conjunction with various heat
sink sub-assemblies, such as heat sink sub-assemblies similar to that shown in FIG. 1A, having
the fan directed at the bottom of the heat sink. As will be discussed in more detail subsequently,
the design of the heat sink sub-assembly, as well as the type and position of the fan have been
carefully considered in various embodiments of a thermal block assembly, according to the
present teachings.

[00025] The challenge of rapid thermal cycling for bicanalysis is conveyed in the following,
excerpted from Atwood, US 6,703,236 (col. 4, fines 3-19):

“Of course, the size of the metal block which is necessary to heat and cool 96
samples in an 8x12 well array on 9 millimeter centers is fairly large. This large
area block creates muliiple challenging engineering problems for the design of a
PCR instrument which is capable of heating and cooling such a block very rapidly
in a temperature range generally from 0 to 100° C with very little tolerance for
temperature variations between samples. ..... ”

[00026] Additionally, it should be noted that another aspect of teachings of the art of the
design and function of a thermal block assembly for bioanalysis instrumentation relates to the
size of the heat sink sub-assembly relative to the rest of the thermal block assembly. As a rough
rule of thumb, it has been held in the art that the heat sink wouid need to be sizeable in order to
be an effective thermal buffer, and to effectively withdraw heat from the thermal electric devices,
in order to maintain the performance of the thermal electric devices according to their
specifications. This is conveyed in the following, excerpted from Atwood, US 7,133,726 (col. 7,
lines 49-55):

“...The thermal mass of the heat sink is considerably larger than the thermal
mass of the sample block and samples combined. The sample block and
samples together have a thermal mass of approximately 100 joules/K. and that
of the heat sink is approximately 900 joules/K. ...”

Accordingly, a careful study of various commercially available thermal cycling instruments would
reveal a sizable heat sink in relationship 1o the rest of the thermal biock assembly.
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[00027] With respect to the present teachings, the inventors were first struck by observations,
which raised questions for which modeling studies lead them to an unexpected understanding of
the challenge of providing the “very little tolerance for temperature variations between samples”
noted by Atwood. For example, one of the observations made, as depicted in FIG. 2, pertained
to the thermal equilibrium of embodiments of a sample block, shown in graph |, in relationship to
the thermal equilibrium of embodiments of a heat sink, shown in graph Il. As shown in FIG. 1A,
for embodiments of thermal block assemblies utilizing thermal electric devices, a plurality of
thermal electric devices may be positioned between a heat sink, and a sample block. As such,
though similar factors may infiuence the relative nature of the thermal profiles of a sample block
and a heat sink (e.g. factors impacting the observation that both tend to be hotter in the center
and cooler at the edges), the sampie block and heat sink may be viewed to be in the art
physically decoupled. Therefore, a reason that the thermal equilibrium of the heat sink
shadowed the thermal equilibrium of the sample block was not obvious.

[00028] To further an understanding of observations, such as that depicted in FIG. 2, of
thermal properties of various sub-assemblies of a thermal block assembly, modeling studies of
the thermal profiles of an embodiment of a heat sink and a sample block were undertaken. The
validity of the predictability of the model with respect to evaluating trends in the performance of
various thermal block assembly designs was verified by comparison of measurements taken for
an embodiment of a heat sink in comparison to the thermal profiles generated by the model
under boundary conditions that matched the operating conditions for which the measurements
were taken. Once the validity of the model for looking at trends was established, modeling was
used as a tool to further understand the complexity of the thermal properties of various
embodiments of a thermal block assembly. In FIG. 3-FIG. 6, the model assumed that a constant
‘heat flux was applied to various embodiments of a sample block and heat sink sub-assembly. In
that regard, various sub-assemblies could be evaluated under hypothetical conditions to
analyze trends in their thermal profiles.

[00029] InFIG. 3, a top perspective view of a hypothetical surface thermal profile generated
by the model of an embodiment of heat sink 10 is depicted. Heat sink 10 includes base 20,
having upper surface 22, and lower surface 24. Upper surface 22, includes a pedestal 40
mounted as part of the upper surface 22, Pedestal 40 as shown has a first pedestal block 42,
upon which is mounted second pedestal block 44 (see also FIG. 7). Pendant the lower base
surface 24 are a series of heat sink fins (30). As can be seen by the temperatures indicated with
the series of thermal contour lines, from the central portion of second pedestal block 44 1o the
outer portion of upper base surface 22 is a difference of about 20 °C. Additionally, from the
center of second pedestal block 44 to its edge, there is a difference of about 4 °C. Upon
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pedestal 40, a thermal control sub-assembly may be mounted that includes a plurality of thermal
electric devices (not shown). Upon the thermal control sub-assembly, a sample block may be
mounted.

[00030] In FIG. 4, a bottom perspective view is depicted of a quarter section of a sample
block that may be utilized in embodiments of a thermal block assembly including embodiments
of a heat sink such as that shown in FIG. 3. For an embodiment of sample block 50 of FIG. 4, a
hypothetical surface thermal profile generated by the model is displayed. Sample block 50
includes upper surface 60, and lower surface 70. For various embodiments of a sample block,
depressions or wells 85 may be formed in upper surface 80. Flange 80 may be formed around
the perimeter of sample block 50, having first flange rim 62, with opposing second flange rim
(not shown), and adjoining third flange rim 66, with opposing fourth flange rim (not shown). As
can be seen in FIG. 4, for the modeling under defined boundary conditions, on the lower surface
70 from about the center of sample block 50 towards first flange rim 62, there is about a2 10 C
difference indicated. The trend shown in the modeling study, under the boundary condifions set
for the model, suggests that for various embodiments of sample block 50 as depicted in FIG. 4,
a maximum difference of about a 5 °C in thermal profiles may occur between a center-edge
position close to third flange rim 66 to an edge position beneath an outer well located in
proximity to first flange rim 62.

[00031] Asis known in the art of bicanalysis, various embodiments of a sample block such
as that depicted in FIG. 4 having wells 65, may be adapted {o receive various sample-containing
devices, such as a microtiter plate. Additionally, various embodiments of a sample block may
have a substantially flat surface adapted to receive a substantially planar sample-containing
device, such as a microcard. In a sample block having wells, such as that depicted in FIG. 4,
biological samples deposited in the wells of a microtiter plate may undergo thermal cycling
according to a thermal cycling profile, for example, as indicated in graph 1 of FIG. 2. It should be
noted that the thermal cycling profile of graph | in FIG. 2 is idealized for the purpose of
describing an observation made regarding the thermal equilibration of a sample block in
relationship to the thermal equilibration of a heat sink.

[00032] A itwo setpoint thermal cycle, as shown in the idealized thermal cycling profile of
graph | in FIG. 2 may include setpoint temperature for a denaturation step and a setpoint
temperature for an annealing/extension step. Setpoint temperatures for a denaturation step may
be between about 94-98 °C, while seipoint temperatures for an annealing/extension step may
be between about 50-65 °C. In FIG. 2, the portions of the curve designated A and E indicate an
annealing/extension step in the thermal cycle at about 60 °C, while the region designated Cis a
denaturation step at about 85 °C in the thermal cycle. Additionally, two temperature ramp
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portions of the curve are indicated by regions B and D. Alternatively, some protocols use a three
setpoint temperature protocol, in which the annealing and extension sieps are separate steps.
According to various protocols, the setpoint temperature for an extension step may be between
about 75-80 °C. During the defined steps of a thermal cycle, in order to allow time for the
chemical process at that step, a specified hold time for the setpoint temperature may'be
defined. As can be seen in idealized graph | of FIG. 2, a hold time at a setpoint temperature is
where the setpoint temperature is effectively a constant at that step. In the idealized graph | of
FIG. 2, the hold times at the denaturation setpoint temperature and the annealing/extension
setpoint temperature appear to be about the same, but as one of ordinary skill in the art is
apprised the hold times for various steps in a thermal cycle may be for different. For example,
during a thermal cycle, the hold time at the denaturation setpoint temperature for a denaturation
step may be between about 5 seconds to about 15 seconds, while the hold time at the
annealing/extension setpoint temperature for an annealing/extension step may be between
about 35 seconds to about 1 minute. Various thermal cycle protocols may be vary according to
the nature of the instrument, chemistry and sample.

[00033] The actual measurement of thermal variation across a sample block integrated into
an instrument, and under real operating conditions may be performed by an end user. Such
thermal variation across a sample block, which may result in thermal variation across sampies,
is known in the art of thermal cycling biological samples as the sample block thermal non-
uniformity (TNU). As such, under targeted conditions producing the “very little tolerance for
temperature variafions between samples” described by Atwood, there is still some measurable
TNU. Accordingly, the evaluation of a thermal profile across the portion of the sample block
adapted to receive a sample-containing device is of particular interest. In that regard, the
hypothetical bottom surface thermal profile of FIG. 4, from a center-edge position close to third
flange rim 66 to an edge position beneath an outer well located in proximity to first flange rim 62
is of particular interest. Moreover, in the field of the physics and engineering of thermal block
assemblies utilized in various bicanalysis instrumentation, the values of TNU at defined
intervals, as well as the time to a targeted thermal uniformity may be metrics used to assess
instrument function.

[00034] Defining an acceptably targeted TNU for a thermal block assembly used in
bioanalysis instrumentation is done in accordance with a targeted precision of a bioassay run on
such instrumentation. For example, but not limited by, for various bioassays based on the PCR
reaction, having an acceptably determined TNU on instrumentation utilizing various
embodiments of a thermal block assembly may be useful for assuring that an acceptable
precision for a cycle threshold value may be generated on such instrumentation. Therefore,
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providing an end user a means for evaluating the TNU could provide for the assessment of

- within-instrument and between-instrument performance for generating acceptable precision in
various data sets. As previously mentioned, TNU may be determined by an actual measurement
of variation of temperature across a sample block, for example, but not limited by, across
sample wells in a sample block sub-assembly adapted to receive a sample-containing device,
such as a microfiter plaie, or across a flat surface, for a sample block without depressions. A
procedure for determining the TNU of a sample block in a thermal cycling instrument can be
found in manuals, for example, such as, “Thermal Cycler Temperature Verification System”;
Part Number 4319092 Rev. D; Chapter 4, Applied Biosystems.

[00035] In such a protocol, a temperature is recorded for a predetermined number and
pattern of wells to be tested, and the variation across the wells is determined, and then
compared to a standard value. According to various definitions of TNU in the art, TNU may be
defined as the difference between the highest temperature value recorded and the lowest
temperature recorded for the predetermined number of wells tested. For various definitions of
TNU in the art, TNU may be defined as the average difference between the highest temperature
value recorded and the lowest temperature recorded. In the field of the physics and engineering
of thermal cycling instruments, a TNU of 1.0 °C expressed as a difference of the temperature
range over a sample block, or a TNU of 0.5 °C expressed as an average difference of a
temperature range over a sample block is often found recited in the art as standard targeted
values of TNU.

[00036] As such, both definitions are based on a difference expressing the range of
temperatures across sample welis {o fall within not more than about a 1.0 °C. Such a definition
may have evoived from the necessary comparison to gel data, which was the tool of the art
before thermal cycling instrumentation was available. Various definitions of TNU, based on
various testing protocols, may be possible, where the objective of such protocols may be to
provide a basis for evaluation of apparatus performance. For example, the testing protocol
described in the above referenced manual records the temperature of a piurality of wells over a
sample block. Various testing protocols may be designed to record the temperature of a piurality
of samples in a sample-containing device set on a sample biock. Various other testing protocols
may be designed to record the temperature of various positions within the sample block.
Various other testing protocols may include combinations of approaches for the evaluations of
TNU. Additionally, another vaiue other than a value expressing a difference of the range of
temperatures recorded for a sample block may be possible. One of ordinary skill in the art wili
appreciate that the objective of any such protoco! for the determination of TNU and value used
to evaluate a TNU determination would be based on providing assessment of within-instrument
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and between-instrument performance. Evaluation of within-instrument and between-instrument
performance may be useful in order to provide assurance that acceptable precision for data sets
may be generated on instrumentation utilizing various embodiments of a thermal block
assembly.

[00037] As previously mentioned, the time to a targeted thermal uniformity may also provide
a metric useful for the assessment of instrument function, as the time-to-TNU may be related to
the total cycling time. Generally, the time-to-TNU may be described as the time that a target
TNU may be achieved after a hoid time has been initiated for a target setpoint temperature.
According to various embodiments of a thermal block assembly and instrument of the present
teachings, a value for a target setpoint temperature may be based on a temperature measured
in a plurality of samples in a sample support device. In various embodiments of a thermal block
assembly and instrument of the present teachings, a value for a target setpoint temperature
may be based on a temperature measured in a plurality of positions in a sample block. As one
of ordinary skill in the art will appreciate, there is a direct relationship between the time-to-TNU
and the cycle time, so that the faster the time-to-TNU, the shorter the cycle time. The impact of
a shorter cycle time is to provide for a greater number of cycles per unit period of time.
Therefore, a faster time-to-TNU may provide for a faster rate of cycling.

f00038] in reference to the idealized thermal cycle profile shown in idealized graph | of FIG.
2, a TNU may be determined on measurements on a sample block taken at time intervals after
to, where t, according to the present teachings is referred to as clockstart. Generally, clockstart
may be defined as a time associated with a temperature approaching a setpoint temperature.
For example, but not limited by, clockstart may be initiated at a temperature within about 1 °C of
a setpoint temperature. According to various embodiments of a thermal block assembly and
instrument of the present teachings, a value for a temperature on which clockstart is initiated
may be based on a temperature measured in a plurality of samples in a sample support device.
in various embodiments of a thermal block assembly and instrument of the present teachings, a
value for a temperature on which clockstart is initiated may be based on a temperature
measured in a plurality of positions in a sample block.

[00038] As will be discussed in more detail subsequently, a TNU may be determined at, for
example, 10, 20 and 30 seconds after clockstart (1), which may be TNU determinations taken
during an essentially constant temperature portion of a cycle, or hoid time portion of a cycle for
a targeted selfpoint temperature, as previously discussed. For the purpose of the present
teachings, a TNU determination taken at a designated time after clockstart (t,} during a hold-
time interval is referred to as a static TNU determination, while a TNU determination faken at
clockstart (o) is referred to as a dynamic TNU determination. Such measurements taken over
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such small time intervals may represent worst case measurements, as it is clearly easier to
achieve thermal uniformity when a block is, for example, wholly equilibrated to any specific
constant temperature versus a constantly changing temperature. For that reason, as one of
ordinary skill in the art may appreciate, if a targeted value for a static TNU determination may
be, for example, about a 1.0 °C difference across the sample block, then a dynamic TNU may
be expected to reflect even greater non-uniformity.

[00040] As one of ordinary skill in the engineering arts is apprised, designing building, and
testing prototypes for multi-component assemblies and instruments having complex function is a
laborious and time consuming process. Though a validated modeling tool may not replace such
a process, it may be helpful in giving useful information regarding which prototypes in a
selection of a large plurality of prototypes to target for build/test/revise cycles. In review of
observations, such as that depicted in FIG. 2, the inveniors began to question the state of the
teachings of the art; particularly concerning the potential coupling of thermal transfer effects
between the sub-assemblies comprising a thermal block assembly. The results of the
hypothetical modeling for one embodiment of several prototype designs considered for a heat
sink and sample block are presented in FIG. 5 and FIG. 6, respectively.

[00041] Embodiments of a potential prototype heat sink 100 as depicted in top perspective
view FIG. 5 include a base 120 having upper surface 122 and a plurality of fins 130 pendent a
second surface 124 below the base. Alternating between the fins 130, are a plurality of flow
paths 132. In comparison toc embodiments of heat sink 10 of FIG. 3, there is no pedestal 40,
which is a part of upper surface 22 of heat sink 10. In that regard, as will be evident
subsequently, various embodiments of a sample block may have essentially the same footprint
as embodiments of heat sink 100 of FIG. 5. In contrast, various embodiments of sample block
50 of FIG. 4 match only the footprint of the pedestal portion 40 of upper surface 22 of heat sink
10 of FIG. 3. According to trends resulting from the modeling study, various embodiments of a
heat sink, such as heat sink 100 of FIG. 5 may have a temperature difference across the heat
sink of about 1.0 °C in contrast to the about 4°C across second pedestal surface 44 for
embodiments of heat sink 10 of FIG. 3. The model study provided for evaluation of trends
indicating a substantially decreased thermal non-uniformity for various embodiments of a heat
sink, such as heat sink 100 of FIG. 5 in comparison to various embodiments of a heat sink, such
as heat sink 10 of FIG. 3

[00042] Embodiments of a potential prototype sample block 150 as depicted in bottom
perspective view FIG. 6 include an upper surface 160, having a plurality of depressions or wells
165, and a lower surface 170. Additionally, sample block 150 has first side 162, having
opposing second side 164. Adjoining first side 162 is third side 166, having opposing fourth side
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168. It should be noted that flange 180 is substantially reduced in comparison to flange 80 of
sample block 50 depicted in FIG. 4. As shown in FIG. 6, for various embodiments of sample
block 150, flange 180 is associated with third side 166 and fourth side 168, which flange 180
has been optimized to reduce the horizontal flow of heat, in order to assess the potential impact
of that factor on the sample block TNU via the hypothetical modeling. As can be seen in FIG. 8,
on lower surface 170 from about the center of sample block 150 towards third flange rim 166,
about a 0.2 °C difference is indicated. This is in contrast to FIG. 4, in which an about 2.0 °C
difference on lower surface 70 from about the center of sample block 50 fowards third flange rim
66 is indicated. Further, in FIG. 8, on lower surface 170 from about the center of sample block
150 towards first flange rim 162, no appreciable difference is indicated. This is in contrast to
FIG. 4, in which for sample block 50, for lower surface 70 from about the center of sample block
50 towards first flange rim 62, there is about a10.0 °C difference indicated. As previously
discussed, it shouid be noted that the footprint of embodiments of potential prototype heat sink
100 is essentially about the same as the footprint of potential prototype sampie block 150.
Surprisingly, the modeling of a proposed prototype, in contrast to established teachings of the
art, suggests that a substantially larger heat sink may have an impact on increasing the TNU of
a sample block. Based on these findings, embodiments of a prototype design of a heat sink and
a sample block, as suggested in FIG. 5 and FIG. 6, respectively, were fabricated and tested.

f00043] FIG. 7 is a perspective view comparing an embodiment of heat sink 10, such as that
modeled in FIG. 3 in comparison to an embodiment of heat sink 100 fabricated after the model
depicted in FIG. 5. It should be noted that for heat sink 100, fins 130 have flow paths 132 that
are the longest near base 120 of the heat sink 100, as will be discussed in more detail
subsequently. FIG. 8 is a perspective of an embodiment of thermal block sub-assembly 200,
which includes heat sink sub-assembly 10 and a thermal contro! sub-assembly 110 in
comparison o thermal block sub-assembly 250, which includes heat sink sub-assembly 100
and a thermal control sub-assembly 110. It should be noted that in thermal block sub-assembly
250, the thermal electric devices 92, 94, 96, and 98 are adjoined in the X-Y plane so as to
provide for a combined footprint that essentially matches the footprint of upper surface 122 of
heat sink 120 thereby. In conirast, for example, in thermal block sub-assembly 200, the thermal
electric devices 92, and 98, as well as 94, and 96 are adjoined, but a gap exists between
thermal electric devices 92 and 94, as well as thermal electric devices 96 and 98. According o
various embodiments of a thermal block assembly and instrument of the present teachings, the
thermal electric devices may be adjoined to a specified tolerance to provide for a combined
footprint that allows, for example, room for thermal expansion of materials in such thermal
electric devices. For various embodiments of a thermal block assembly and instrument

11



WO 2011/028834 PCT/US2010/047573

according to the present teachings, a thermal control sub-assembiy may have thermal electric
devices adjoined to provide for a combined footprint that allows for an intervening space to an
adjacent thermal electric device of no more than up to about 1 mm. For various embodiments of
a thermal block assembly and instrument according to the present teachings, a thermal control
sub-assembly may have thermal electric devices adjoined to provide for a combined footprint
that allows for an intervening space to an adjacent thermal electric device of substantially less
than about 8 mm.

[00044] In FIG. 9, an exploded view of an embodiment of thermal block assembly 300
according to the present teachings is shown. Various embodiments of a thermal block assembly
300 include heat sink sub-assembly 100, thermal control sub-assembly 110, and sample block
sub-assembly 150. As depicted in FIG. 8, thermal control sub-assembly includes thermal
electric devices that are adjoined in the X-Y plane, and positioned between the sampie block
150 and heat sink 100. I should be noted that the active footprint of the adjcined thermal
electric devices 92, 94, 96, and 98 essentially maiches the footprint of the second surface 170
of the sampile block 150 and upper surface 122 of heat sink 110. In this regard uniform contact
of the thermal control sub-assembly may be provided throughout thermal block assembly 300.

[00045] As depicted in FIG. 9, various embodiments of sample biock 150 may have thermal
mass redistributed from first side 162, and opposing second side 164, as well as from third side
166, and opposing fourth side 168 to provide for uniform thermal mass across the block.
According to various embodiments of a thermal block assembly and instrument of the present
teachings, redistribution of mass on the sides of a sample block may either be the removal of
mass to decrease thermal mass in various regions of & sample block, or to add mass 0
increase thermal mass in various regions, or a combination of addition and removal of massin a
region. Accordingly, for various embodiments of a sample block sub-assémbfy used in a thermal
block assembly, the selective redistribution of mass from the sides of the sample block may
further reduce sample biock TNU. For various embodiments of a thermal block assembly and
instrument according to the present feachings, a sample block sub-assembly so designed may
preciude the use of various edge and perimeter heaters typically used in the art. Additionally,
material from the side portions of heat sink base 120 may be removed, creating lower surface
124 thereby (see FIG. 7). According fo various embodiments of a thermal block assembly and
instrument according to the present teachings, such removal of material from a heat sink sub-
assembly may provide for enhanced thermal uniformity of a heat-sink sub-assembly.

[00046] FIG. 10 depicts thermal block assembly 400, which includes heat sink sub-assembly
100 joined to an embodiment of a fan sub-assembly that includes transverse cross-flow fan 190
and duct 195. In contrast to embodiments of a thermal block assembly as shown in FIG. 1A,
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which depiéts air blown under heat sink sub-assembly 15 at fins 16, embodiments of thermal
block assembly 400 have transverse fan 190 blowing air through flow paths 132 from an inlet
side of the plurality of fins to an outlet side of the plurality of fins. As previously mentioned, in
addition to the position of the fan relative to the fins in FIG. 1A, an axial fan, such as the fan
depicted in FIG. 1B is frequently used in the art. Such axial fans additionally suffer from a
significant dead spot in the center of the fan from which no air flow emanates, which may
contribute o the thermal gradient across a heat sink when such axial fans are used.
Accordingly, various embodiments of thermal block assembly 400 are free of these additional
sources that may contribute to thermal gradient formation in a heat sink sub-assembly. For
various embodiments of sub-assembly 400, duct 195 provides a uniform flow path from the fan
to the inlet side of the plurality of fins. In various embodiments of subassembly 400, duct 195 is
adapted to fit securely to the inlet side of the plurality of fins, as shown in FIG. 10. According to
various embodiments of sub-assembly 400, the housing may be adapted to fit proximal the inlet
side of the plurality of fins. For such embodiments, the width of a gap between the housing and
the inlet side may be not more than the width provided by the flow paths in order for the air flow
to effectively pass through the plurality of fins, and not the gap.

[00047] Further, air forced through heat sink 100 from the inlet side may become gradually
warmed, thereby creating a thermal gradient. In order to compensate for a thermal gradient
formed in such a manner, for various embodiments of a heat sink, varying the height of fins 130
from the inlet end to the outlet end, as shown in FIG. 9 may be incorporated in heat sink 100,
providing flow paths that are the longest near the base of the heat sink. As one of ordinary skill
in the art may appreciate, there are various ways for compensating for the warming of air
passing through the flow paths of a heat sink. For example, in FIG. 11, the thickness of base
120 can pe varied, so that thermal mass that may be removed towards the outlet end can
compensate for the warming of the air passing through the flow paths of a heat sink. FIG. 12Ais
a bottom view of duct 195 and fins 130. For various embodiments of heat sink 100 as depicted
in FIG. 12A, the fins 130 may be arranged in an alternating pattern, so that a set of fins is
shortened in length at the inlet side of the plurality of fins, thereby creating flow paths of variable
lengths. For such a design as shown in FIG. 12A the base thickness may remain constant, as
shown in FIG. 12B. Various embodiments of heat sink 100 may have fins 130 tapered in height
from the inlet end to the outlet end, forming a trapezoidal shaped sectional view, as indicated by
the hatched line as depicted in the sectional view of FIG. 13. Embodiments of a heat sink having
fins tapered in height in such a fashion provide flow paths that are the longest near the base of
the heat sink, similarly to that provided by embodiments of heat sink 100 shown in FIG. 9.
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{00048] For various embodiments of a thermal block assembly 300 of FIG. 9, both the static
and dynamic TNU may be between about 0.05 °C to about 0.25 °C, for TNU determinations
based on the average of the differences between the hottest and coldest wells in sample block
100. This translates into the difference between the hottest and coldest weli of between about
0.10 °C to about 0.50 °C, which is between about 2 to 10 times lower than the current standard
in the art of about 1.0 °C. Moreover, the static and dynamic TNU tend to be approximately the
same in contrast the static and dynamic TNU for various embodiments of thermal block
assembly including thermal block sub-assembly 200 of FIG.8, and embodiments of a sample
block depicted in FIG. 4. For such embodiments of thermal block assembly, the static TNU
measured as the average of the differences between the hottest and coldest wells in a sample
block may be between about 0.25 °C to about 0.50 °C, while the dynamic TNU may be between
about 0.70 °C to about 1.0 °C.

[00049] Regarding the evaluation of various embodiments of a thermal block assembly 300
of FIG. 9, such data is provided in FIG. 14A and FIG. 14B, as well as in FIG. 15A and FIG. 15B.
in FI1G. 14A and FIG. 15A, a graph is depicted of a block temperature and TNU for an
embodiment of a thermal block sub-assembly 200 of FIG. 8 utilizing an embodiment of a 384-
well sample block of FIG.4, which sample block also has an edge heater. In FIG. 14B and FIG.
15B, a graph is depicted of a block temperature and TNU for an embodiment of thermal block
assembly 300 of FIG. 9, for which no edge heater was used in conjunction with the 384-well
sample block. The graphs shown in FIG. 14A and 14B represent a duration of time beginning
before and lasting through a setpoint temperature of about 60 °C. The graphs shown in FIG.
15A and FIG. 15B represent a duration of time beginning before and lasting through a seipoint
temperature of about 95 °C. The values of TNU are expressed as an average difference

- between the hottest and coldest wells in the sample block. A 9-channel fixture for validating
temperature calibration and uniformity, equipped with 9 platinum resistance probes, and
adapted for the continuous monitoring of a sample block was used to record the values for the
TNU of the sample blocks.

[00050] In reviewing the TNU data for FIG. 14A and FIG. 15A, the range of TNU for data
taken at a point about half way between {; and ty;, or at about t5 for the 80 °C and 95 °C data
sets is between about 0.28 °C to about 0.45 °C. In comparison, for FIG. 14B and FIG. 15B the
range of TNU for data taken at about {5 for the 60 °C and 95 °C data sets is between about 0.08
°C to about 0.15 °C. This is equivalent to a TNU range of about 0.16 °C 1o about 0.30 °C
expressed as the difference, instead of an average difference. Therefore, for an embodiment of
a thermal block assembily and instrument according to the present teachings, this is between
about 3 to 6 times lower than a current standard in the art often recited as a difference of about
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1.0 C. The essentially stable and constant nature of the TNU demonstrated by an embodiment
of a thermal block assembly and instrument according to the present teachings as shown in
FIG. 14B and FIG. 15B may be understood in comparison to the TNU shown in FIG. 14A and
FIG. 15A. Over the range of times between clockstart plus about 5 seconds (15} and clockstart
plus 10 seconds (i1,), the TNU in FIG. 14B and FIG. 15B appears to be essentially stable and
constant for an embodiment of a thermal block assembly and instrument according to the
present teachings, while the TNU in FIG. 14A and FIG. 15A displays a slope.

[00051] Moreover that dynamic and static TNU tend to be essentially the same value for
various embodiments of a thermal block assembly and instrument of the present teachings may
be understood in the comparison of FIG. 15A and FIG 15B for the 95 °C data. As one of
ordinary skill in the art of the physics and engineering of thermal cycling instrumentation is
apprised, maintaining a transiently constant setpoint temperature in a sample block becomes
more challenging as the setpoint temperature deviates significantly away from an ambient
temperature of an operating instrument. In that regard, achieving an essential stable and
constant TNU at a setpoint of about 95 °C may represent more of a challenge than achieving a
stable TNU at a setpoint of about 80 °C. For the thermal block assembly of FIG. 15A, the
dynamic TNU measured at {,is about 0.75 °C., which changes to a static TNU of about 0.45 °C
at about t5, and reaches a static TNU of about 0.08 °C at ts. in contrast, for an embodiment of a
thermal biock assembly according to the present teachings in FIG. 15B, the dynamic TNU
measured at t, is about 0.16 °C and remains fairly constant for a static TNU of about 0.14 °C at
about ts, continuing to remain stable and constant at ts,. Additionally, various embodiments of a
thermal block assembly and instrument according to the present teachings may not require the
use of an edge or perimeter heater in order {o achieve a stable and constant TNU at a target
setpoint.

[00052] Further, that the static and dynamic TNU’s are about the same low value may have
an impact on shortening cycle times as a result of shortening hold times. Recalling that the time-
to-TNU is related to the cycle time, so that faster the time-to-TNU, the shorter the cycle time.
For example, for bioassays using the PCR reaction, typically about 40 cycles are run per
sample per analysis. Currently, for thermal cycling utilizing a standard format for end-point
protocois, about 40 cycles may be completed in about 15 minutes, or about 23 seconds per
cycle. Therefore, for example, by even reducing the cycle time to 15 seconds, this would
translate into a run time of about 10 minutes, which is 6 runs an hour, instead of 4. The impact
on both the quality of data as well as throughput may be significant for a variety of end users.
According various embodiments of a thermal block assembly and instrument of the present
teachings, a time-to-TNU may be up to about 5 seconds. in various embodiments of a thermal
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block assembly and instrument of the present teachings, a time-to-TNU may be up to about 7
seconds.

_[00053] | As previously noted, in reference 1o various embodiments of a thermal block
assembly and instrument of the present teachings, the combined footprint of the plurality of
thermal electric devices essentially or sufficiently matches the footprint of the second surface of
the sample block and first surface of the heat sink to provide substantially uniform heat transfer
throughout the thermal block assembly. The sufficient matching of the combined footprint of the
thermal electric devices to the footprint of the second surface of the sample block and first
surface of the heat sink may be borne out in the effective performance of various embodiments
of a thermal block assembly and instrument of the present teachings.

[00054] Various embodiments of a thermal block assembly according to the present
teachings may be used in various embodiments of a thermal cycler instrument as depicted in
the block diagrams shown in FIG. 16 and FIG. 17.

[00055] According to various embodiments of a thermal cycler instrument 500, as shown in
FIG. 16, a thermal cycling instrument may include a heated cover 510 that is placed over a
plurality of samples 512 contained in a sample support device. In various embodiments, a
sample support device may be a glass or plastic slide with a plurality of sample regions, which
sample regions have a cover between the sample regions and heated lid 512. Some examples
of a sample support device may include, but are not limited by, tubes, vials, a multi-well plate,
such as a standard microtiter 96-well, a 384-well plate, or a microcard, or a substantially planar
support, such as a glass or plastic slide. The sample regions in various embodiments of a
sample support device may include through-holes depressions, indentations, ridges, and
combinations thereof, patterned in regular or irregular arrays formed on the surface of the
substrate. In various embodiments of a thermal cycler instrument, include a sample block 514,
an element or elements for heating and cooling 516, and a heat exchanger 518. Various
embodiments of a thermal block assembly according to the present teachings comprise
components 514-518 of thermal cycler system 500 of FIG. 16.

[00058] In FIG. 17, various embodiments of a thermal cycling system 600 have the
components of embodiments of thermal cycling instrument 500, and additionally a detection
system, A detection system may have an illumination source that emits electromagnetic energy,
and a detector or imager 610, for receiving electromagnetic energy from samples 616 in sample
support device. For embodiments of thermal cycler instrumentation 500 and 600, a control
system 530 and 624, respectively, may be used to control the functions of the detection, heated
cover, and thermal block assembly. The control system may be accessible to an end user
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through user interface 522 of thermal cycler instrument 500 and 626 of thermal cycler
instrument 600. A computer system 700, as depicted in FIG. 18 may serve as to provide the
control the function of a thermal cycler instrument, as well as the user interface function.
Additionally, computer system 700 may provide data processing and report preparation
functions. Al such instrument control functions may be dedicated locally to the thermal cycler
instrument, or computer system 700 may provide remote controi of part or all of the control,
analysis, and reporting functions, as will be discussed in more detail subsequently.

{00057] FIG. 18 is a block diagram that illustrates a computer system 700, according to
various embodiments, upon which embodiments of a thermal cycier system 500 of FIG. 16 or a
thermal cycler system 600 of FIG. 17 may utilize. Computer system 700 includes a bus 702 or
other communication mechanism for communicating information, and a processor 704 coupled
with bus 702 for processing information. Computer system 700 also includes a memory 7086,
which can be a random access memory (RAM) or other dynamic storage device, coupled to bus
702 for instructions to be executed by processor 704. Memory 706 also may be used for storing
temporary variables or other intermediate information during execution of instructions to be
executed by processor 704. Computer system 700 further includes a read only memory (ROM)
708 or other static storage device coupled to bus 702 for storing static information and
instructions for processor 704. A storage device 710, such as a magnetic disk or optical disk, is
provided and coupled to bus 702 for storing information and instructions.

[00058] Computer system 700 may be coupled via bus 702 to a display 712, such as a
cathode ray tube (CRT) or liquid crystal display (LCD), for displaying information to a computer
user. An input device 714, including alphanumeric and other keys, is coupled o bus 702 for
communicating information and command selections to processor 704. Another type of user
input device is cursor control 718, such as a mouse, a trackball or cursor direction keys for
communicating direction information and command selections to processor 704 and for
controlling cursor movement on display 712. This input device typically has two degrees of
freedom in two axes, a first axis (e.g., x) and a second axis {e.g., y), that allows the device to
specify positions in a plane. A computer system 700 provides data processing and provides a
level of confidence for such data. Consistent with certain implementations of the invention, data
processing and confidence values are provided by computer system 700 in response o
processor 704 executing one or more sequences of one or more instructions contained in
memory 706. Such instructions may be read into memory 706 from another computer-readable
medium, such as storage device 710. Execution of the sequences of instructions contained in
memory 706 causes processor 704 to perform the process states described herein. Alternatively
hard-wired circuitry may be used in place of or in combination with software instructions to
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implement the invention. Thus implementations of the invention are not limited to any specific
combination of hardware circuitry and software.

[00059] The term "computer-readable medium" as used herein refers to any media that
participates in providing instructions to processor 704 for execution. Such a medium may take
many forms, including but not limited to, non-volatile media, volatile media, and transmission
media. Non-volatile media includes, for example, optical or magnetic disks, such as storage
device 710. Volatile media includes dynamic memory, such as memory 706. Transmission
media includes coaxial cables, copper wire, and fiber optics, including the wires that comprise
bus 702. Transmission media can also take the form of acoustic or light waves, such as those
generated during radio-wave and infra-red data communications.

{00060] Common forms of computer-readable media include, for example, a floppy disk, a
flexible disk, hard disk, magnetic tape, or any other magnetic medium, a CD-ROM, any other
optical medium, punch cards, paper tape, any other physical medium with patterns of holes, a
RAM, PROM, and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier
wave as described hereinafter, or any other medium from which a computer can read.

[00061] Various forms of computer readable media may be involved in carrying one or more
sequences of one or more instructions to processor 704 for execution. For example, the
instructions may initially be carried on magnetic disk of a remote computer. The remote
computer can load the instructions into its dynamic memory and send the instructions over a
telephone line using a modem. A modem local to computer system 700 can receive the data on
the telephone line and use an infra-red transmitter to convert the data to an infra-red signal. An
infra-red detector coupled to bus 702 can receive the data carried in the infra-red signal and
piace the data on bus 702. Bus 702 carries the data to memory 708, from which processor 704
retrieves and executes the instructions. The instructions received by memory 706 may
optionally be stored on storage device 710 either before or after execution by processor 704.

[00062] Further, it should be appreciated that a computer 700 of FIG. 18 may be embodied in
any of a number of forms, such as a rack-mounted computer, a desktop computer, a laptop
computer, or a tablet computer. According to various embodiments of a computer 700 of FIG.
18, a computer may be embedded in any number of mobile and web-based devices not
generally regarded as a computer but with suitable processing capabilities. Example of such
devices may include, but are not limited by a Personal Digital Assistant (PDA), a smart phone,
and a notepad or any other suitable electronic device. Additionally, a compuier system can
include a conventional network system including a client/server environment and one or more
database servers. A number of conventional network systems, inciuding a local area network
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(LAN) or a wide area network (WAN), and including wireless and/or wired components, are
known in the ari. Additionally, client/server environments, database servers, and neiworks are
well documented in the art.

[00083] While the principles of this invention have been described in connection with \}arious
embodiments of a thermal block assembly and insirument, it should be understood clearly that
these descriptions are made only by way of example and are not intended to limit the scope of
the invention. What has been disclosed herein has been provided for the purposes of illustration
and description. It is not intended to be exhaustive or to limit what is disclosed to the precise
forms described. Many modifications and variations will be apparent to the practitioner skilled in
the art. What is disciosed was chosen and described in order to best explain the principles and
practical application of the disclosed embodiments of the art described, thereby enabling others
skilled in the art to understand the various embodiments and various modifications that are
suited to the particular use contemplated. It is intended that the scope of what is disclosed be
defined by the following claims and their equivalence.
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WHAT IS CLAIMED IS:

1.

10.

A thermal block assembly for thermal cycling comprising:

a sample block having a first surface and a second surface, wherein the first surface is
adapted for receiving a sample support device;

a heat sink comprising a base having a first surface, a second surface and a plurality fins
pendant the second surface, wherein a space between each fin provides for a flow path for
air passing from an inlet side of the plurality of fins to an outlet side the plurality of fins; and

a plurality of thermal electric devices positioned between the sample block and heat sink,
wherein the footprint of the plurality of thermal electric devices effectively maiches the
footprint of the second surface of the sampie biock and first surface of the heat sink to
provide substantially uniform heat transfer throughout the thermal block assembly.

The thermal block assembly of Claim 1, wherein a dynamic thermal non-uniformity of the
sample block is an average value of between about 0.05 °C to about 0.25 °C.

The thermal block assembly of Claim 1 or 2, wherein a static thermal non-uniformity of the
sample block is an average value of between about 0.05 °C to about 0.25 °C.

The thermal block assembly of Claim 1, 2 or 3, wherein a time to reach an essentially stable
thermal non-uniformity of the sample block after reaching a target setpoint temperature is up
{0 about 5 seconds.

The thermal block assembly of Ciaim 4, wherein the setpoint temperature is a value based
on a temperature measured in a plurality of samples in the sample support device.

The thermal block assembly of Claim 4, wherein the setpoint temperature is a value based
on a temperature measured in a plurality of positions in the sample block.

The thermal biock assembly of Claim 4, 5 or 6, wherein the essentially stable thermal non-
uniformity of the sample block is an average value of between about 0.05 °C to about 0.25
C

The thermal block assembly of any one of the preceding claims, wherein a static thermal
non-uniformity and a dynamic thermal non-uniformity of the sample block are essentially the
same.

The thermal block assembly of Claim 8, wherein the static thermal non-uniformity and the
dynamic thermal non-uniformity of the sample block are essentially the same at a defined
time during a thermal cycle.

The thermal block assembly of Claim 9, wherein the defined time during a thermal cycle is a
defined clock start,
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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The thermal block assembly of Claim 10, wherein the defined clock start is initiated within
about 1 °C of a target setpoint temperature of a thermal cycle.

The thermal block assembly of Claim 11, wherein the setpoint temperature is a value based
on a temperature measured in a plurality of samples in the sample support device.

The thermal block assembly of Claim 11, wherein the setpoint temperature is a value based
on a temperature measured in a plurality of positions in the sample block.

The thermal block assembly of any one of the preceding claims, further comprising a fan
sub-assembly comprising a fan and a duct, wherein the fan sub-assembly is positioned to
provide airflow through the flow paths of the fins from the inlet side of the plurality of fins to
the outlet side of the plurality of fins.

The thermal block assembly of claim 14, wherein the duct provides a uniform fiow path from
the fan fo the inlet side of plurality of fins.

The thermal block assembly of claim 14 or 15, wherein the duct is adapted to fit securely to
the inlet side of the plurality of fins.

The thermal block assembly of any one of the preceding claims, wherein the height of the
plurality of fins varies across the length of the plurality of fins, providing flow paths that are
the longest near the base of the heat sink.

The thermal biock assembly of any one of the preceding claims, wherein the sample block
comprises a flange optimized to reduce the horizontal flow of heat, thereby reducing the
sample block thermal non-uniformity.

The thermal biock assembly of any one of the preceding claims, wherein the sampie block
comprises a first side surface, a second side surface, a third side surface, and a fourth side
surface, wherein thermal mass is selectively redistributed from each of the surfaces, thereby
reducing the sample block thermal non-uniformity.

An apparatus comprising:
a control system; and

a thermal block assembly according to any one of the preceding claims 1 to 19.
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