WO 2011/127386 PCT/US2011/031750

IMPROVED THERMAL UNIFORMITY FOR THERMAL CYCLER INSTRUMENTATION
USING DYNAMIC CONTROL

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Application No.
61/322,529, filed April 9, 2010, which is incorporated harain by reference in its entirety.

BACKGROUND

[0042] Generally, to amplify DNA {Deoxyribose Nucleic Acid) using the PCR process, it is
necessary to cycle a specially constituted liquid reaction mixture through several different
temperature incubation periods. The reaction mixture is comprised of various components
including the DNA o be ampiified and at least two primers sufficiently complementary to the
sample DNA to be able to create extension products of the DNA being amplified. A key to
PCR is the concept of thermal cycling: alternating steps of melting DNA, annealing short
primers {o the resulting single strands, and extending those primers to make new copies of
double-stranded DNA. 1n thermal cycling the PCR reaction mixture is repeatedly cycled from
high temperatures of around 90 °C for melting the DNA, to lower temperatures of
approximately 40 °C to 70 °C for primer annealing and extension. Generally, it is desirabie
to change the sampie temperature {0 the next temperature in the cycle as rapidly as
possible. The chemical reaction has an optimum temperature for each of its stages. Thus,
iess time spent at non optimum temperature means achieving better chemical results. Also
a minimum time for holding the reaction mixture at each incubation temperature is required
after each said incubation temperature is reached. These minimum incubation times
esfablish the minimum time it fakes to complete a cycle. As such, any transition time
between sample incubation ternperatures is time added o this minimum cycle time. Since
the number of cycles is faitly large, this additional time unnecessarily heightens the total time
needed to complete the amplification.

f3003] In some previous automated PCR instruments, sample tubes are inserted inio
sample wells on a thermal block assembly. To perform the PCR process, the temperature of
the thermal biock assembly is cycled according to prescribed temperatures and times
specified by the user in a PCR protocol jile. The cycling is controlled by a computing system
and associated electronics. As the thermal block assembly changes temperature, the
samples in the various tubes experience similar changes in temperature, However, in these
previous instruments differences in sampie temperature are generated by thermal non-
uniformity (TNU) from place to place within the thermal block assembly. Temperature
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gradients exist within the material of the block, causing some samples to have diffsrent
temperatures than others at particuiar times in the cycle. Because the chemical reaction of
the mixture has an optimum temperatura for each or its stages, achieving that actual
temperature is critical for good analytical results. A large TNU can cause the yield of the
PCR process to differ from sample vial to sample vial.

[0004] As such, the analysis of TNU is an imporstant attribute for characterizing the
performance of a thermal block assembly, which may be used in various bicanalysis
instrumentation. The TNU is typically measured in a sample biock portion of a thermal biock
assembly, and is typically expressad as either the difference or the average difference
between the hottest wall and the coolest position on the sample block portion engaging a
sample or sampies. The industry standard, set in comparison with gel data, a difference of
about 1.0 °C, or an average difference of 0.5 °C. Historically, the focus on reducing TNU has
baen focused on the sampie block, For exampile, it has been ohserved that the edgss of the
sample block are typically cooler than the center. One approach that has been taken to
counteract such edgs effects is to provide various perimeter and edge heaters around the

sample block to offset the observed therma! gradient from the center to the edges.

SUMMARY

[6005] In an aspect, a method for performing polymerase chain reactions (PCR) includes measuring a
first temperature, by a first sensor, of a first sample block sector of a sample block, and measuring a
second temperature, by a second sensor, of a second sample block sector of the sample block that is
adjacent to the first sample block sector. The method further includes calculating, by a thermoelectric
controller, a difference in temperature between the first temparature and the second temperature. The
thermoelectric controlier adjusts the first temperature of the first sampie block sector based

on the differance in temperature by adjusting a power output to one or more thermosiactric

coolers. The one or more thermoelectric coolers are configured to heat or cool the first sample block
sector.

[0606] In another aspect, a computer-readable storage medium is encoded with instructions executable by a
processor, for performing polymerase chain reactions, comprising instructions for measuring a first
temperature of a first sample block sector of a sample block, and measuring a second temperature of a second
sample block sector of the sample block that is adjacent o the first sample block sector. The instructions are
further for calculating a difference in temperature between the first temperature and the second temperature.
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further inciuded instructions for adjusting the first temperature of the first sample block sector based on the
difference in temperature based on adjusting a power output to one or more thermoelectric coolers. The one or

more thermoelectric coolers are configured to heat or cool the first sample block sector.

{0007] In another aspect, a system for performing polymerase chain reactions (PCR) includes a first sensor
configured for detecting a first temperature of a first sample block sector of a sample block, and a second
sensor configured for detecting a second temperature of a second sample block sector of

the sample biock that is adjacent to the first sample biock sector. The system further

includes a thermoelectric controlier in siectrical communication with the first sensor and the

sscond sensor. Thé thermoeiectric controller is configured to receive a first temperature of a

first sample block sector of 2 sample biogk and receive a second temperature of a secand

sample block sector of the sample block that is adjacent to the first sampie biock sector.

The thermoelectric controller is further configured to calculate a difference in temperature

between the first temperature and the second temperature, and to adjust the first

temperature of the first sample block sector based on the difference in temperature basad on

adjusting & power oufput 10 one or more thermoeleciric coolers. The one or more

thermoelectric coolers are configured to heat or cool the first sample block sector.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] The skilied artisan will understand that the drawings, described below, are for
HHiustration purposes only. The drawings are not intended to limit the scope of the present
teachings in any way.
[06009] FIG. 1 is a block diagram of a thermal cycler instrument.
[00010] FIG. 2 is a block diagram of a thermal cycler instrument including a detection
system.
[00011] FIG. 3 is a block diagram that illustrates a computer systerm 700, according to
varigus embodiments, upon which embodiments of methods for the analysis of PBA data
may be implemeanied.
[00012] FIG. 4 illustrates a perspective of an exemplary thaemmai block assembly.
[00013] FIG. 5 lusirates & generalized schematic that depicts a prior art control system
for the thermal block assembly shown in FIG. 4.
[00014] FIG. ¢ iBustrates a generalized schematic for a prior art contral system for the
thermal hiocgk assembly showr in FIG. 5.
[00015] FIG. 7 illustrates a schematic representation 400 corresponding o an
embodiment,
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[00016] FiG. 9 illustrates a functional block diagram corresponding to an embodiment.
[00017] FIG. 10 fllustrates a process flow chart 500 according to the embodiment shown
in FIG. 9.

[00018] FIG. 11 is a graph illustrating a two PID controlier system without a master
system controller.

[00018] FIG. 12 is a graph illustrating a two PID controller system with a master system
controller.

[00020] FIG. 13 illustrates a schematic representation 410 corresponding to an
embodiment.

[00021] FIG. 14 illustrates a schematic representation 420 corresponding to an
embodiment.

[00022] FIG. 15 illusirates a schematic representation 430 corresponding to an
embodiment.

[00023] FIG. 16 iifustrates a functional block diagram of the system controller according to
a two plant embodiment for the embodirment shown in FIG. 14.

[00024} FiG. 17 illustrates a process flowchart 600 according to the embodiment shown in
FIG. 15.

[00025] FIG. 18 illustrates a functional block diagram for sach PID controller shown in
FIG. 14.

[00026] FIG. 19 is a graph iliustrating a two PID controller system with a disfributed
system controller within the PID controllers.

[00027] FIG. 20 is a graph fllustrating a two PID controller system without a distributed
system controller.

[00028] FIG. 21 is a graph iliustrating a two PID controlier system with a distributed
system controller within the PID controllers.

1000291 FIG. 22 illustrates a schematic representation where the system controller may
also be a combination of the master system controller and the distributed system controlier,
[60030] FIG. 23 Hllustrates a schematic representation of sample block sector array used
in FIG. 22.

[00031] FIG. 24 is a diagram of a system for improving the thermal nonuniformity of a
sampie block of a PCR instrument, upon which embodiments of the present teachings may
be implemented.

[00032] FIG. 25 is an exemplary flowchart showing a method for improving the thermal
nonuniformity of a sample block of a PCR instrument, upon which embediments of the
prasent teachings may be implemented.
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{00033] FIG. 26 is a schematic diagram of a system of distinct software modules that
performs a method for improving the thermal nonuniformity of & sample biock of a PCR
instrument, upon which embodiments of the present téachings may be implemented.
[00034] FIG. 27 is a diagram of a system for improving the thermal nonuniformity of a
sample block of a PCR instrument using 2 master thermoelectric controiler, upon which
embodiments of the present teachings may be implemented.

[00035] FIG. 28 is an exemplary flowchart showing a method for improving the thermat
nonuniformity of a sample block of a PCR instrument using a master thermoelectric
controller, upon which embodiments of the present teachings may be implemented.
[00036] FIG. 29 is a schematic diagram of a system of distinct sofftware modules that
performs a method for improving the thermal nonuniformity of a sample block of a PCR
instrument a master thermoelectric controlier, upon which embodiments of the present

teachings may be implemented.

DESCRIFTION OF VARIOUS EMBODIMENTS
[00037] in the following description, reference is made to the accompanying drawings that
form a part thereof, and in which are shown by way of illustration specific exemplary
embodiments in which the invention may be practiced. These embodiments are described in
sufficient detail to enable those skilled in the art to practice the invention and it is to be
understood that other embodiments may be utilized and that changes may be made within
departing from the scope of the invention. The foliowing description is, therefore, not to be
taken in a limited sense.
[00038] Notwithstanding that the numerical ranges and parameters setling forth the broad
scope of the invention are approximations, the numeral values set forth in the spacific
examples are reported as precisely as possible. Any numerical value, however, inherently
contains certain errors necessarily resulting from the standard deviation found in their
respective testing measurements. Moreover, all ranges disclosed herein are to be
undersiood fo encompass any and all sub-ranges subsumed therein. For example, a range
of "less than 10" can include an and ali sub-ranges between (and including) the minimum
value of zero and the maximum value of 10, thatis, any and all sub-ranges having a
minimum value of equal to or greater than zero and a maximum value of equai ko or less
than 10, e.g. 1t0 5.
[00039] In the present teachings, various embodiments of a thermal block assembly may
have a pluraiity of thermal electric coolers (TECs), which may be controlled by a respective
thermoelectric controller. According to various embodiments, control may be provided by a
master gontroller or by the thermoelectric controllers. These controllers may provide
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dynamic adjustment of the TECs to achieve a desirable TNU of tess than 0.5 °C, for
example.

LY "o

[00040] As used herein, the terms “sample plate,” "microtitration plate,” “microtiter plate,”
and “microplate” are interchangeable and refer to a multiwelled sample receptacle for
testing of chemical and biclogical samples. Microplates can have wells that are conical,
cylindrical, rectilinear, tapered, and/or flat-bottomed in shaps, and can be constructed of a
single material or multiple materials. The microplate can conform to SBS Standard or it can
be non-standard. Microplates ¢an be open-face (e.g. closed with a sealing film or caps) or
close-chambered (e.g. microcard as described in U.S. Pat. No. 6,6825,047). Oper-faced
microplates can be filled, for example, with pipeites (hand-hekd, robotic, etc.) or through-hole
distribution plates. Close-chambered microplates can be filled, for example, through
channels or by closing to form the chamber.

[00041] Various embodiments of a thermal block assembly having uniform thermal
distribution 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.1 and FIG. 2,
[06042] According to various embodiments of a thermal cycler instrument 100, as shown
in FIG. 1, a thermal cycling instrument may include a heated cover 110 that is placed over a
plurality of sampies 112 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 sampie regions have a cover hetween the sample regions and heated lid 112. Some
examples of a sample support device may include, but ars not limited by, a multi-well plate,
such as a standard microtiter 96-well, a 384-well piate, or a microcard, or a substantially
planar support, such as a giass or plastic slide. The sample regions in various embodiments
of a sample support device may include depressions, indentations, ridges, and combinations
thereof, pattemed in reguiar or irregular arrays formed on the surface of the substrate.
Various embodiments of a thermal cycler instrument include a sample block 114, slements
for heating and cooling 116, and a heat exchanger 118. Various embodiments of a thermal
btock assembly according to the present teachings comprise components 114-118 of
thermat cycler system 100 of FIG. 1.

[000431 In FIG. 2, various embodiments of a thermal cycling system 200 have the
components of embodiments of therma!l cycling instrument 100, and additionally a detsction
sysiem. A detection system may have an iflumination source that emits electromagnetic
ensrgy, and a detecter or imager 210. The detector or imager 210 is for receiving
electromagnetic energy from samples 216 in sample support device. For embodiments of
thermal cycler instrumentation 100 and 200, a control system 130 and 224, respectively,
may he used to control the functions of the detection systemn, heated cover, and thermal
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block assembly, among other things. Control system 130 and 224 may be accessible to an
end user through user interface 122 of thermal cycler instrument 100 and user interface 226
of thermal cycler instrument 200. A computing system 300, as depicted in FIG. 3 may
provide the control the function of a thermal cycler instrument, as well as the user interface
function. Additionally, computing system 300 may provide data processing, display and
report preparation functions. All such instrument control functions may be dedicated locally
to the thermal ¢cycler instrument, or computing system 300 may provide remote control of
part or all of the contrel, analysis, and reporting functions, as will be discussed in more detail
subsequently.

jo0044] Those skilled in the art will recognize that the operations of the various
embodiments may be impiemented using hardware, software, firmware, or combinations
thereof, as appropriate. For example, some procasses can be carried out using progessors
or other digital circuitry uncer the control of software, firmware, or hard-wired logic. {The
term “logic” herein refers to fixed hardware, programmable logic and/or an appropriate
combination thereof, as would be recognized by onz skilled in the art to carry out the recited
functions.) Soffware and firmware can be stored on computer-readable media. Some other
processes can be implemented using analog circuitry, as is well known to one of ordinary
skill in the art. Additionally, memory or other storage, as well as communication
components, may be employed in embodiments of the invention.

[00045] FIG. 3 is a block diagram that illustrates a computer systerm 300 that may be
employed to carry out processing functionality, according to various embodiments, upon
which embodiments of a thermal cyeler system 100 of FIG. 1 or a thermal cycler system 200
of FIG. 2 may utilize. Computing system 300 can include one or more processors, such as a
processor 304. Processor 304 can be implemented using a general or special purpose
processing engine such as, for example, a microprocessor, controller or other controf logic.
in this example, processor 304 is connected to a bus 302 or other communication mediurm.
{00046] Further, it should be appreciated that a computing system 300 of FIG. 3 may be
embodied in any of a number of forms, such as a rack-mounted computer, mainframe,
supercomputer, server, client, a deskiop computer, a laptop computer, a tablet computer,
hand-held computing device (e.g., PDA, cell phone, smart phone, palmtop, efc.), cluster grid,
nethook, embedded systems, or any other type of special or general purpose computing
device as may be desirable or appropriate for a given application or environment.
Additionally, a computing system 300 can include a conventional network system including a
client/server environment and one or more database servers, or integration with LIS/LIMS
infrastructure. A number of conventional network systems, including a local area network

(LAN) or a wide area network {(WARN), and including wireless and/or wired components, are
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known in the art. Additionally, client/server environments, database servers, and networks
are well documented in the art.

[00047] Computing system 300 may inciude bus 302 or other communication mechanism
for communicating information, and processor 304 coupled with bus 302 for processing
information.

[060048] Computing system 300 also includes a memory 308, which can be a random
access memory {(RAM) or other dynamic memory, coupled to bus 302 for storing instructions
to be executed by processor 304. Memory 306 also may be used for storing temporary
variables or other intermediate information during execution of instructions to be executed by
processor 304. Computing system 300 further includes a read only memory (ROM) 308 or
other static storage device coupled to bus 302 far storing static information and instructions
for processor 304.

[00048] Computing system 300 may also include a storage device 310, such as a
magnetic disk, optical disk, or solid state drive (SSD} is provided and coupled to bus 302 for
storing information and instructions. Storage device 310 may include a media drive and a
removable storage interface. A media drive may include a drive or other mechanism to
support fixed or removable storage media, such as a hard disk drive, a floppy disk drive, a
magnetic tape drive, an optical disk drive, 2 CD or DVD drive (R or RW), flash drive, or other
removable or fixed media drive. As these examples illustrate, the storage media may
include a computer-readable storage medium having stored therein particular computer
software, instructions, or data.

[00050]  in alternative embodiments, storage device 310 may include other similar
instrumentalities for allowing computer programs or other instructions or data to be loaded
into computing system 300. Such instrumentalities may include, for example, a removable
storage unit and an interface, such as a program cartridge and cartridge interface, a
removable memory (for example, a flash mermory or other removabile memory modulg) and
memory slot, and other removable storage units and interfaces that allow software and data
to be transferred from the storage device 310 to computing system 300.

[00051] Computing system 300 can also include a communications interface 318.
Communications interface 318 can be used to allow software and data to be transferred
between computing system 300 and external devices. Exampies of communications
interface 318 can include a modem, a network interface (such as an Ethernet or other NIC
card), a communications port {such as for example, a USB port, a RS-232C serial port), a
PCMCIA slot and card, Bluetooth,etc. Software and data transferred via communications
interface 318 are in the form of signals which can be electronic, eiectromagnetic, optical or
other signals capable of being received by communications interface 318. These signals
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may be transmitted and received by communications interface 318 via a channel such as a
wirgless medium, wire or cable, fiber optics, or other communications medium. Some
examples of a channel include a phone line, a celiular phone link, an-RF link, a network
interface, a local or wide area natwork, and other communications channels.

[006052] Computing system 300 may be coupled via bus 302 to a display 312, such as a
cathode ray fube (CRT) or liquid crystal display (LCD), for displaying information to a
computer user. An input device 314, including alphanumeric and other keys, is coupled to
bus 302 for communicating information and command selections {0 processor 304, for
example. An input device may also be a display, such as an LCD display, configured with
touchscreen input capabilities. Ancther type of user input device is cursor controt 316, such
as a mouse, a trackball or cursor direction keys for communicating direction information and
command seleciions to processor 304 and for controlling cursor movement on display 312.
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 computing
system 300 provides data processing and provides a level of confidence for such data.
Consistent with certain implementations of embodiments of the present teachings, data
processing and confidence values are provided by computing sysiem 300 in response to
processor 304 executing one or more seguences of one or more ingtructions contained in
memory 306. Such instructions may be read into memory 306 from another computer-
readable medium, such as storage device 310. Execution of the sequences of instructions
contained in memory 306 causes processor 304 to perform the process states described
herein. Alternatively hard-wired circuifry may be used in place of or in combination with
software instructions to implement embodiments of the present teachings. Thus
implementations of embodiments of the present teachings are not limited to any specific
combination of hardware circuitry and software.

{00053] The term "computer-readable medium” and “computer program product” as used
herein generally refers to any media that is involved in providing one or more sequences or
one or more instructions to processor 304 for execution. Such instructions, generally referred
to as “computer program code” {which may be grouped in the form of computer programs or
other groupings), when executed, enable the computing system 300 to perform features or
functions of embodiments of the present invention. These and other forms of computer-
readable media may take many forms, including hut not limitec to, non-volatile media,
volatile media, and transmission media. Non-volatile media includes, for exampie, solid
state, optical or magnetic disks, such as storage device 310. Volatile media inciudes
dynamic memory, such as memory 306. Transmission media includes coaxial cables,
copper wire, and fiber optics, including the wires that comprise bus 302.
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[00054]  Common forms of computer-readable media include, for example, a floppy disk, a
fiexibie 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.
[00055] Various forms of computer readable media may be involved in carrying one or
more sequences of one or more instructions to processor 304 for execution. For example,
the instructions may initially be carried on magnestic disk of a remote computer. The remote
computer can toad the instructions into its dynamic memory and send the instructions over a
tetephone line using a modem. A modem local to computing system 300 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 302 can receive the data carried in the infra-red
signal and place the data on bus 302, Bus 302 carries the data to memory 306, from which
processor 304 retrieves and executes the insiructions, The instructions received by memory
306 may optionally be stored on storage device 310 either before or after execution by
processor 304.

[00056] It will be appreciated that, for clarity purposes, the above description has
described embodiments of the invention with reference fo different functional units and
processors. However, it will be apparent that any suitable distribution of functionality
between different functional units, processors or domains may be used without detracting
from the invention. For example, functionality illustrated to be performed by separate
procasscrs or controliers may be performed by the same processor or controller. Hence,
references to specific funclional units are only t¢ be seen as references fo suitable means
for providing the described functionality, rather than indicative of a strict logical or physical
structure or organization.

SAMPLE BLOCK

[00057] A thermal block assembly includes a sample block, one or more heating/cooling
devices, and a heat exchanger, for example, The sample block receives a microtiter plate
with several reaction vessels. The sample biock may have several recesses configured ina
regular pattern to receive the respective reaction vessels. The one or more heating/cooling
devices in concert with the heat exchanger are designed to provide heating and cooling for
the sample block. The one or more heating/cooling devices can include a thermoelectric
cooler (TEC), e.g. a Peltier device, to provide both heating and cooling.

[00058] A heating device may be a resistive heater, known t¢ one of ordinary skill in the
art. This heating device may be shaped, for example, as coils or loops to distribute heat
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uniformly across a segment. Alternatively, the heating device can he a resistive ink heater,
or an adhesive backed heater, such as a Kapton heater.

[00058] A sample block is legically or physically divided into several sample block sectors
(88). Each SS is assigned a heating dsvice and a cooling device or a heating and cooling
device that may aciuate each 33 independently. FIG. 4 illustrates a perspective view of an
exemplary thermal block assembly 340. Thermal block assembly 340 includes reaction
vessel 342, sample block 344, TEC 346, and heat exchanger 348. As shown in FIG. 4,
different sample block seciors of a sample block may be heated and cooled by a mailrix, 8.g.
2 x 2, of heating and cooling elements of TEC 3486.

[00060] FIG. & illustrates a perspective view of another exemplary thermal block
assembly 350. Thermal block assembly 350 includes reaction vessel 352, sample block
354, TEC 356, and heat exchanger 358. As shown in FIG. 5, a sample block may also be
heated and cooled using a linear array of heating and cooling elements of TEC 356.

SAMPLE BI.OCK CONTROL SYSTEM

ID00B1Y  FIG. 6 illustrates a gensralized schematic for a control system for the thermal
block assembly shown in FIG. 5. Each proportional integrated derivative (PI1D) controller
controls a separate sample block sector (SS).

[00062] Generally, in some previous automated PCR instruments, the temperature of the
metal sample block is cycled according to prescribed temperatures and times specified by
the user in a PCR protocol file. The cycling is controlled by a computing system and
associated electronics. As the metal block changes temperature, the samples in the various
tubes experience similar changes in temperature. However, in these instruments,
differences in sampie femperature are generated by non-uniformity of temperature from
place to place within the sample metal block. Temperature gradients exist within the
material of the block, causing some samples to have different temperatures than others at
particuiar times in the cycle. Further, there are delays in transferring heat from the sample
block to the sample, and those delays differ across the sample block. The differences in
ternperature and delays in heat transfer cause the vield of the PCR process to differ from
sample vial to sample vial. To perform the PCR process more uniformly and efficiently and
o enable so-calied quaniitative PCR, these time detays and temperature errors should be
minimized. The problems of minimizing non-uniformity in temperature af various points on
the sample hlock and the time required for heat transfer to and from the sample become
particularly acute when the size of the region containing samples becomes large as in
standard 8 by 12 microtiter plaie.
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[60063]  Another problem with automated PCR instruments is accurately predicting the
actual temperature of the reaction mixture during temperature cycling. Because the
chemical reaction or the mixture has an optimum temperature for each of its stages,
achieving that actual temperature is important for good analytical results. Actual
measurement of the temperature of the mixture in each vial is impractical because of the
small volume of each vial and the large number of vials.

[00064] FIGs. 7-23 depict exemplary embodiments of methods and systems of uniform
control of the temperature using a conirol system such as PID controllers or a master system
controller. Disclosed herein are embodiments of an instrument including a thermal sample
block assembly configured for improved thermatl uniformity for PCR by dynamically adjusting
sample block sector temperatures. The thermal block assembly includes a plurality of
thermal electric coolers {TECs), controlled for thermat cycling. In various embodiments, the
TECs are controlied by a respective thermoelsctiric controfler. System feedback control
receives environmental parameters from at least two thermoelectric controllers. System
feedback control is provided by 2 master controller or within the thermoelectric controliers.
Examples of environmental parameters include local sample block temperature, ambient
temperature, and local sample temperature. Based on the received data, local sampie biock
temperature set points are recalcutated and transmitted to the local thermoelectric
controliers.

[00065] FIG. 7 illustrates a schematic representation 400 corresponding to an
embodiment. System confroller 402 is a master system controller that is bidirectionally
connected to each thermoslectric confroller, e.g. proportional integrated derivative (RPID)
controliers 404y, Each PID controlier 404y, is connected to a respective sample block
sector(88) 406y. Systern controlier 402 controls the temperature of the sample block
according to at least one environmental parameter received from each of the thermoelectric
conirollers. System controller402 determines new thermal set poinis from the environmental
parameters to maintain a uniform temperature.

[0C066] The environmental parameters may include temperature parameters such as
sample block temperature, ambient temperature, and local sampie temperature. System
controlierd(Q2 receives the environmental parameters periodically, apericdically, or upon
querying the thermoelectric controllers.

[00067] While the sample block sectors are depicted in a linear array, the sample block
sectors may be configured in a matrix array, e.g. m x n, where m21 and nz 2. The sample
block may be formed of any material that exhibits good thermal conductivity including, but
not limited to, metals, such as aluminum, silver, gold, and copper, carbon or other
conductive polymers. The sample block may be configured to receive one microtiter plate.
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For example, the top of the sample block can include a plurality of recessed wells arranged
in an array that corresponds to the wells in the microtiter plate. For example, common
microtiter plates can include 96 depressions arranged as an 8 x 12 array, 384 depressions
arranged as a 16 x 24 array, and 48 depressions arranged as a 8 x § array or 16 x 3 array.
[000668] Each sample block sector further includes a thermoelectric (TEC) device, such
as, for example, a Pellier device. The plurality of TECs can be configured o correspond to
the plurality of zones. The TEC can provide all heating and cooling. As used herein, the
term “control temperature” refers o any desired temperature that can be set by a user, such
as, far example, temperatures for denaturing, annealing, and eiongation during PCR
reactions. Each of the plurality of TECs can function independently without affecting other of
the plurality of TECs. In conjunction with the system controller, this can provide improved
thermal uniformity for the plurality of sample block sectors.

[00069] FIG. 8 illustrates a functional block diagram corresponding o an embodiment.
This embodiment shows the master system controller 402 bidirectionally communicating with
two thermoelectric controllers, e.g. PID controllers 4044, 404..

100070] For each PID leg 408y, the first mixer 410y receives the reference signal and
block sensor temperature difference (BSTD) process variable. The second mixer 412y
receives the output signal of the first mixer 410y and the output of the sample block sector
406x. The output of the sample block sector 406y corresponds to the measurement of the
desired environmental paramster. The cutput of the second mixer 412y is applied o the
thermoelectric controller, e.g. PID controlier 406y. The output of the PID controller 404y, is
apphied to the sample block sector 406y,

[00071] The master system coniroller 402 receives the environmental parameter data
from each of the sample block sectors 4064, 406.. The master system controlier 402
determines a BSTD variable appropriate for each PID leg 408, 408,. The master system
controiler 402 may be implemented by a microprocessor, for example.

[00072] FIG. 9illustrates a schematic representation of the master system controller 402
shown in FIG. 8. A mixer 414 receives inputs y; and y,. The output of the mixer 414 is
applied as input to two master PID confroliers 4164, 416,. The first mastsr PID controller
416, calcutates the new set point b, for the first externai PID controlier 4044. The second
master PID coniroller 416, calculates the new set point b, for the second external PID
controller 404,.

[00073] FIG. 10 illustrates a process flow chart 500 according to the embodiment shown
in FIG. 8. In step 502, the temperature of the sample block sectors is initialized. In step
504, the master system controller acguires environmental parameters for each of the PID
conirollers. In step 508, the master system controller determines a new set point for each of
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the PID controllers, in step 508, the master system controller fransmits new set points for
each of the PID controllers,

{00074} FIG. 11 and 12 illustrate data collected before and after a master system
controller is implemented. FIG. 11 is a graph diustrating a two PID controller system without
a master system controller. FIG. 12 is a graph illustrating a two PID controller system with a
masier system controller.

[00075] FIG. 13 illustrates a schematic representation 440 corresponding to an
embodiment. System controller is a master system controller 402 that is bidirectionally
connected to the external PID controtlers 4044, 404,. Each PID controller 404y, is connected
to a respective sample block sector 406y,

[00076] FIG. 14 illustrates a schematic representation 450 corresponding to an
embodiment. System controller is a master system controller 402 that is bidirectionally
connected to the external PID controllers 4044, 404, and at ieast one internal PID controller
404, .. Each PID controller 404y is connected to a respective sampie hlock sector 406y,
[60077] In one embodiment the functionality of the system controller is included within
each of the PID controllers. FIG. 15 illustrates a schematic representation 460
corresponding {0 an embodiment. The functionality of the system controller is distributed
between the each of the enhanced PID controliers 432,. Each enhanced PID controlier
432y 1s connected to a respective sample block sector 406y.

[00078])  While the sample block sectors are depicted in a linear array, the sample biock
sectors may be placed in a matrix array, e.g. m x n, where mz1 and n2 2. Inan
embodiment, adjacent sample block sectors may be controlled by a pair of PID control
sections,

[00078] FIG. 16 illustrates a functional block diagram of system controller 460 according
fo a two PID controller embodiment for the embodiment shown in FIG, 15.

[00080] For each enhanced PID controller 432y, a first mixer 434y receives the reference
signal and BSTD process variable from the sample block sector 406y. A first PID controfler
436y receives the output signal from the first mixer 434y, A second mixer 438y receives the
envircnmental parameter data from sach sample block sector 406,, 406,. A second PID
controller 440y, receives the output from the second mixer 438y. An internal plant 442y
receives the output signals of the first and the second PID controliers 436y, 440y 1o
determine the correction to be applied o the respective sample block sector,

fO0081]  FIG. 17 illustrates a process flowchart 600 according fo the embodiment shown in
FIG. 15. In step 602, the sample block sectors are initialized. In step 604, the distributed
system controfler, e.g. each of the enhanced PID controllers, acquires environmental
parameters of adjacent sample sectors. In step 608, the distributed system controller
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determines new set points. In step 608a, the new set points for an adjacent sample block
sector may be fransmitted. Alternatively, in step 608b, the new set points may be applied for
the sample block sector of the respective portion of the distributed system controller.
{60082] FIG. 18 illustrates a functional biock diagram showing sach enhanced PID
controller for the two PID controller embodiments showrn: in FIG. 15 and FIG. 16. FIG. 19is
a graph illustrating the control logic in a two PID controlier system with a distributed system
controller within the enhanced PID controllers.

[o0083] In FIG. 18 a first mixer receives the block sensor temperature difference (BSTD)
set point and a BSTD process variable. The first mixer output is used to determine a first
power output to the TEC. The block temperature from each block sensor is used to
determine the BSTD process variable. A second mixer receives the ramp rate set point and
a determined ramp rate. The second mixer output is used to determine the power output to
a second TEC. A third mixer receives the power output for the first TEC and the power
oufput for the second TEC. The third mixer output is sent to the TECs of the sampls block
secior.

[00084] The BSTD value is controlled by employing a PID control algorithm, with
corresponding parameters that can be tuned to adjust the power of the TEC output based on
the feedback from the BETD value. The target set for PID control is to have BSTD value of
0.

[00085] The PID control of BSTD is performed during the ramping up and ramping down
state of the thermal biock control. The power output to the TEC of each thermal zone is
compuied from the output from PiD control of ramp rate control as well as the output from
the PID control of BSTD. The output to the TEC is controlled to obtain BSTD set and ramp
rate set accordingly.

100088} FIG. 20 and FIG. 21 illustrate data collected before and after BSTD control
implemented. FIG. 20 is a graph illustrating a two PID controller system without a distributed
system conirolier, FIG. 21 is a graph illustrating a two PID coniroller system with a
distributed systemn controlter within the PID controliers. The thermal non uniformity (TNU)
calculated in the graphs is obtained using the difference of the two thermal sample sector
temperatures divided by 2. This TNU calculated correlates to actual TNU as the block
sensor temperature represent the temperature of the biock around thermal contro! region.
[00087] FIG. 22 illustrates a schematic representation where the system confroller may
also be a combination of the master system controlier and the distributed system controller.
The master system controller is in bidirectional communication with at least iwo of the PID
controllers. Distributed system control is provided by at least two enhanced PID controllers.
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Each PID controller and enhanced PID controller is connected to a respective sample block
sector.

[00088] FIG. 23 illustrates a schematic representation of sample block sector array 2300
used in FIG. 22. The enhanced PID controliers control the temperature of the interior
sample block sectors 2310. The master system controlier controls the temperature of the
exterior sample block sectors 2320.

[00088] FIG. 24 is a diagram of a system 2400 for improving the thermal nonuniformity of
a sample block of a PCR instrument, upon which embodiments of the present teachings may
be impiemented. System 2400 includes a first sensor 2410, a second sensor 2420, and a
thermoelectric controlfer 2430. First sensor 2410 senses a first temperature of first sample
block sector 2441 of sample block 2440. Second sensor 2420 senses a second temperature
of second sample block sector 2442 of sample block 2440. Sample block sector 2441 is
adjacent fo sample block sector 2442.

[00090] Thermoelectric controller 2430 is in electrical communication with first sensor
2410, second sensor 2420, and one or more TECs 2450 used to heat or cool first sample
block sector 2441. Thermoelectric controller 2430 reads the first temperature from first
sensor 2410 and the second temperature from second sensor 2420, Thermoelectric
coniroller 2430 calculates a difference in temperature between the first temperature and the
second temperature. Finally, thermoelactric controller 2430 adjusts the power output to one
or more TECs 2450 based on the difference in temperature.

[00091] in various embodiments, thermoelectric controlier 2430 calcuiates the difference
in temperature by subtracting the second temperature from the first temperature.

[00082] in various embodiments, thermoelectric controller 2430 reads the first
temperature from first sensor 2410 and the second temperature from second sensor 2420
during a ramping up or ramping down of the power output to one or more TECs 2450.
[00093] In various embodiments, thermoelectric controller 2430 adjusts the power output
of one or more TECs 2450 based on a ramp rate at which the power oufput to one or more
TECs 2450 is ramping up or ramping down in addition to the difference in temperature,
[00094] FIG. 25 is an exemplary flowchart showing a method 2500 for improving the
thermal nonuniformity of a sample block of 2 PCR instrument, upon which embodiments of
the present teachings may be implemented.

[00025] In step 2510 of method 2500, a first sensor is read that senses a first temperature
of a first sampie block sector of a sample block using a thermoelectric controlier.

[00096] In step 2520, a second sensor is read that senses a second temperature of a
second sample block sector of the sample block that is adjacent to the first sample block
sector using the thermoelectric controlier.
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[00097] In step 2530, a difference in temperature is calculated between the first
temperature and the second temperature using the thermoelectric controller.

[00098] In step 2540, the power output is adjusted to one or more TECs used to heat or
cool the first sample block sector based on the difference in temperature using the
thermoelectric controlier.

[06099] In various embodiments, a tangible computer-readable storage medium is
encoced with instructions, executable by a processor of a thermoelectric controller, so as to
perform a method for improving the thermal nonuniformity of & samiple block of a PCR
instrument. This method is performed by a system of distinct software modules.

[000100] FIG. 26 is a schematic diagram of a system 2600 of distinct software modules
that performs a method for improving the thermal nonuniformity of a sample block of a PCR
instrument, upon which embodiments of the present teachings may be implemented.

System 2600 includes measurement module 2610, and adjustment module 2620.

[000101] Measurement module 2610 reads a first sensor that senses a first temperature of
a first sample block sector of a sample block. Measurement module 2610 reads a second
sensor that senses a second temperature of a second sample block sector of the sample
biock that is adjacent to the first sample block sector.

[000102] Adjustment module 2620 calculates a difference in temperature between the first
temperature and the second temperature and adjusts a power output to the one or more
TECs used to heat or cool the first sample block sector based on the difference in
temperature.

[000103] FIG. 27 is a diagram of a system 2700 for improving the thermal nonuniformity of
a sample block of a PCR instrument using master thermoelectric controller 2730, upon which
embodiments of the prasent teachings may be implemented. System 2700 includes a first
sensor 2710, a second sensor 2720, and master thermoelectric controlier 2730. First sensor
2710 senses a first temperature of first sample biock sector 2741 of sample biock 2740.
Second sensor 2720 senses a second temperature of second sample biock sector 2742 of
sample block 2740. Sampie block sector 2741 is adjacent to sample block sector 2742.
[000104] First thermoelectric controller 2730 is in electrical communication with first sensor
2710, second sensor 2720, second thermoelectric controller 2716 that controls one or more
TECs 2718 used to heat or coo! first sample block sector 2741, third thermeelectric controller
2726 that controls one or more TECs 2728 used to heat or cool second sampie biock sector
2742. First thermoelectric controller 2730 reads the first temperature from first sensor 2710
and the second temperature from second sensor 2720, Thermoelectric controller 2730
calculates a difference in temperature between the first temperature and the second
temperature. Finally, first thermoelectric controller 2730 instructs second thermoelectric
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controller 2716 o adjust its power output and the third thermoelectric controller 2726 to
adjust its power output hased on the difference in temperature.

[000105] In various embodiments, the functions of the master thermoelectric controller, first
thermoslectric controller 2730, can be performed by either of the two slave thermoelectric
controllers, second thermoelectric controller 2718, or third thermoelectric controller 2726.
[6001068] FIG. 28 is an exemplary flowchart showing a method 2800 for improving the
thermal nonuniformity of a sample block of a PCR instrument using a master thermoelectric
controfler, upon which embodiments of the present teachings may be implemented.
[600107] In step 2810 of methad 2800, a first sensor is read that senses a first temperature
of a first sample block sector of a sampie block using a first thermoselectric controller.
[000108] In step 2820, a second sensor is read that senses a second temperature of a
second sample block sector of the sample block that is adiacent to the first sample block
sector using the first thermoelectric controller.

[000109] In step 2830, a difference in temperature is calculated between the first
temperature and the second temperature using the first thermoelectric controller.

[000110] In step 2840, a second thermoelectric controller that controls one or more
thermoelectric coolers used to heat or cool the first sample block sector adjusts its power
output and a third thermoelectric controlier that controls one or more thermoelectric coolers
used to heat or cool the second sample block secior adjusts its power output based on the
difference in temperature using the first thermoelectric coniroller.

[000111] In various embodiments, a tangible computer-readable storage medium is
encoded with instructions, executable by a processor of a thermoelectric coniroller, so as o
perform a method for improving the thermal nonuniformity of a sample block of a PCR
instrument a master thermoelectric controller. This method is performed by a system of
distinct software modules.

[0600112] FIG. 29 is a schematic diagram of a system 2900 of distinct software modules
that performs a method for improving the thermal nonuniformity of a sample block of a PCR
instrument a master thermoslectric controller, upon which embodiments of the present
teachings may be implemented. System 2900 includes measurement module 2810, and
control module 2820.

[800113] Measurement module 2810 reads a first sensor that senses & first temperature of
a first sample block sector of a sample biock. Measurement module 2910 reads a second
sensor that senses a second temperature of a second sample block sactor of the sample
block that is adjacent to the first sample block sector.

[000114] Control module 2920 calculates a difference in temperature between the first
temperature and the second temperature. Control moduie 2920 of a first thermoeiectric
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conirolier that controls one or mere thermoelgctric coolers used o heat or cool the first
sample block sector to adjust its power output and indicates to a second thermoelectric
controller that controls one or more thermoelectric coolers used o heat or cool the second
sample block sector to adjust its power output based on the differance in temperature.
[000118] While the principles of this invention have been described in connection with
specific embodiments, it should be understood clearly that these descriptions are made only
by way of example and are not intended io limit the scope of the invention. What has been
disclosed herein has been provided for the purposes of Blustration and description. itis 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
disclosed 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 fo understand the various emboediments and varicus 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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CLAIMS

What is claimed is:

1. A method for performing polymerase chain reactions (PCR), the method
comprising;

measuring a first temperature, by a first sensor, of a first sampie block sector of a
sample block;

measuring a second temperature, by a second sensor, of & second sample block
sector of the sample block that is adjacent to the first sample block sector;

calculating, by a thermoelectric controller, a difference in temperature between
the first temperature and the second temperature; and

adjusiing, by the thermoelectric controller, the first temperature of the first sampie
block secior based on the difference in temperature based on adjusting a power output to
one or more thermoelectric coolers, wherein the one or more thermoelectric coolers is

configured to heat or cool the first sample block sector,

2. The method of claim 1, wherein the measuring of the first temperature by the
first sensor and the second temperature from the second sensor occurs during a ramping up
of the power output to the one or mors thermoelectric coolers.

3. The method of claim 1, whersin measuring the first temperature from the first
sensor and the second temperature from the second sensor occurs during a ramping down

of the power cutput to the one or more thermoelectric coolers.,

4. The method of claim 2, further comprising adjusting the power output to the
one or more thermoelectric coolers based on a rate at which the power ouiput to the one or

more thermoelectric coolers is ramping up.

5. The method of claim 3, further comprising adjusting the power output to the
one or more thermoeleciric coolers based on a rate at which the power output to the one or

more thermoelectric coolers is ramping down.

6. The method of claim 1, further comprising:

measuring a third temperature, by a third sensor, of a third sample block sector of
the sample block;

calculating, by the thermoelectric controller, a difference in temperature between
the third temperature and the first temperature and a difference between the third
terparature and the second temperature; and
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adjusting, by the thermoelectric controller, the first temperature of the first sample
block based on the difference between the first temperature and the second temperature,
the difference hetween the third temperature and the first temperature, and the third
temperature and the second temperature based an adjusting the power output to the one or
maore thermoeleciric cooters.

7. The methad of claim 1, further comprising:

adjusting, by the tharmoelectric controlier, the second temperature of the second
sample block sector based on adjusting a power output to a second set of one or more
thermoelactric coolers, wherein the secand set of one or more thermoelectric coolers is

configured o heat or cool the second sample block sector.

8. A computer-readable storage medium encoded with instructions, executable
by a processor, for performing polymerase chain reactions (PCR), the instructions
comprising instructions for:

measuring a first temperature of a first sample block sector of a sample block;

measuring a second temperature of a second sample block sector of the sample
hlock that is adjacent to the first sample block sector;

calculating a difference in temperature between the first temperature and the
second temperature; and

adjusting the first temperature of the first sample block sector based on the
difference in temperature based on adjusting a power ouiput to one or more thermoelectric
coolers, wherein the ong or more thermoelectric coolers is configured to heat or cool the first

sample biock sector.

9. The computer-readable medium of claim 8, wherain measuring the first
temperature from the first sensor and the second temperature from the second sensor
oceurs during a ramping up of the power output fo the one or more thermoelectric coolers

using the thermoelectric confralter.

10. The computer-readablie medium of claim 8, wherein measuring the first
temperature from the first sensor and the second temperature from the second sensar
occurs during a ramping down of the power ocutput to the one or more thermoeiectric coolers

using the thermoelectric controller,
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11. The computer-readable medium of claim 8, further comprising adjusting the
power output to the one or more thermoelectric coolers based on a rate at which the power
output to the one or more thermoeiectric coolers.

12. The computer-readable medium of claim 9, further comprising adjusting the
power autput to the one or more thermoelectric coolers based on a rate at which the power

output to the one or mare thermoelectric coolers is ramping down.

13. The computer-readabie medium of claim 9, wherein the instructions further
include instructions for:

measuring a third temperature, by a third sensor, of a third sample block sector of
the sampie bicck;

calculating a difference in temperature between the third temperature and the first
temperature and a difference between the third temperature and the second temperature;
and

adjusting the first temperature of the first sample biock based on the difference
between the first temperature and the second temperature, the difference between the third
temperature and the first temperature, and the third temperature and the second
temperature based on adjusting the power output to the one or more thermoelectric coolers.

14. The computer-readable medium of claim 9, wherein the instructions further
include instructions for:

adjusting the second temperature of the second sample block sector based on
adjusting a power output fo a second set of one or more thermoeleciric coolers, wherein the
second set of one or more thermaoslectric coolers is configured to heat or cool the second

sampie block sector.

15. A system for performing polymerase chain reactions (PCR), the system
comprising:

a first sensor configured for detecting a first temperature of a first sample biock
sector of a sample block;

a second sensor configured for detecting a second temperature of a second
sample block sector of the sample block that is adjacent to the first sample block sector; and

a thermoelectric controlier in electrical communication with the first sensor and
the second sensor, wherein the tnermoelectric controller is configured to:

receive & first temperature of a first sample block sector of a sample
biock,
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receive a second temperature of a second sample block sector of the
sample block that is adiacent o the first sample biock sector,

calculate a difference in temperature between the first temperature
and the second temperature, and

adjust the first temperature of the first sample block sector based on
the difference in temperature basad on adjusting a power output 10 one or more
thermoelectric coolers, wherein the one or more tharmosiactric coolers is

sonfigured to heat or cool the first sample block sector.

16. The system of claim 15, wherein the thermoelectric controlier receives the
first temperature from the first sensor and the second temperature from the second sensor

during a ramping up of the power outpuf to the one or more thermoelectric coolers,

17. The system of claim 15, wherein the thermoelectric controlier receives the
first temperature from the first sensor and the second temperature from the second sensor

during a ramping down of the power output to the one or more thermoeleciric coolers.

18. The system of claim 16, wherein the thermoelectric controller adjusts the
power output to the one or more thermoelectric coolers based on a rate at which the power
output to the one or more thermoelectric coolers is ramping up in addition to the difference in

temperature.

18. The system of claim 16, wherein the thermoelectric controlier adjusts the
powar output of the ane or more thermoelectric coolers is further based on a rate at which

the power output to the one or more thermoelectric coolers is ramping down.

20. The system of claim 15, wherein the first thermoelectric controller is further

configured to:

adjusting the second temperature of the second sample block sector based on
adjusting a power output 10 a second set of one or more thermoeiectric coolers, whersin the
second set of ane or more thermoeiectric coolers is configured to heat or cool the second

sample block sector.
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