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APPARATUS FOR AMPLIFICATION OF NUCLEIC ACIDS

BACKGROUND OF THE INVENTION

[0001] Described herein is a chip-based apparatus for amplifying nucleic acids, a cartridge
housing the apparatus, and methods of using the apparatus for amplification of nucleic acids.
More specifically, this invention provides integrated circuit semiconductor chip,
manufactured with standard semiconductor manufacturing process, to perform thermal
management and optical sensing necessary for on-chip amplification and detection of nucleic
acids. The apparatus and methods embodied in this invention make it possible to build a
disease diagnosis and prognosis tool that is easy to use, portable and disposable.

[0002] The detection and quantification of nucleic acid is becoming more and more
important in: (1) medicine, specifically disease diagnosis or prognosis and drug discovery;
(2) crop and animal breeding and authentication; (3) forensic identification; 4) environmental
monitoring and industrial processing. The Polymerase Chain Reaction, or PCR, is a method
for replicating a nucleic acid of interest many times. PCR is widely used in detecting small
amounts of nucleic acids in a sample. It is particularly useful for the detection of discases,
including infectious diseases and cancer.

[0003] Real time PCR, also known as qPCR, allows the accumulation of PCR-amplified
nucleic acids to be monitored in real time instead of at the end point of the reaction. Real
time monitoring of the buildup of PCR products allows one to better manage the reaction and
quantify the concentration of the target nucleic acid.

[0004] Conventional instruments for real time PCR are typically bulky and costly. Examples
are BioRad iCycler®, Life Technologies StepOne® real time PCR system, Roche
Diagnostics LightCycler® 2.0, Qiagen’s Roto-Gene® system. The reasons are twofold. The
conventional thermal management method depends on a structure with large thermal capacity
to achieve precise control of temperature. Typically this is achieved through the use a sizable
metal heating block and a cooling reservoirs which regulate the temperature of the samples
contained in plastic tubes.

[0005] Moreover, to achieve real time monitoring of PCR product accumulation, optical
systems are involved to detect optically labeled target molecules. In a conventional design,
optical monitoring is achieved through use of many discrete components, such as photo

multipliers (PMT, a type of vacuum tube), discrete photodiodes or CCD sensors. Optical
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excitation is achieved through the use of lamps, laser diodes or high power LEDs. These
components and the associated lenses, filters and mechanical structures typically require
substantial space and diminish the portability of the associated apparatus.

[0006] PCR devices are typically designed to house multiple “wells”, where samples
contained in tubes are placed. This design is necessary to perform PCR on many different
samples, some of which are negative or positive controls. To perform optical detection of
many samples with optical detection systems made of discrete components typically requires
a motion control system to move sample tubes individually into the optical detection
pathway. Again, this typical design increases the complexity, size and cost of the PCR
device. It also introduces an additional artifact: detection times are different for different
samples. This artifact reduces sample-to-sample reproducibility.

[0007] Efforts have been made to allow PCR to occur on a “chip”, with very small reaction
volumes (e.g., WAFERGEN’s SmartChip™ andBECKMAN COULTER’s AmpliGrid™
system). However, like many biological lab-on-chip systems, these “chips” are nothing more
than a passive substrate made of plastic and/or glass. These “chips” alone cannot perform the
necessary functions for PCR. In order for PCR reactions to occur, these “chips” need to be
placed into a bulky thermal cycler much like the conventional ones described above. Many of
these “chip”-based thermal cyclers in the market are in fact bigger and more expensive than
the mainstream tube based thermal cyclers. At the end of the reaction, the results of typical
“chip”-based PCR systems are generally detected or monitored with the assistance of a bulky
and expensive optical system such as a fluorescent microscope.

[0008] Each year, a large population of the world is affected by outbreaks of various types of
infectious diseases, such as SRS, influenza /HIN1/H5N1, foot-and-mouth disease, TB, HBV,
HCV, HIV, etc. Many of these diseases, at least at the onset, are treatable. However, the lack
of health care in many poorer regions of the world coupled with a dense population causes
many instances of disease to go undiagnosed, untreated or mistreated. Untreated or
mistreated pathogens spread, mutate and evolve into pandemics, affecting the lives of
millions and billions of dollars. A need therefore exists for effective diagnostic tools that are
casy to use, low cost, portable and disposable, such that the diagnostic procedures can be

reliably performed at the point-of-care.

SUMMARY OF THE INVENTION

[0009] Embodiments of the present invention provide an apparatus and a corresponding

method for amplification of a nucleic acid in a sample. In one embodiment, the apparatus
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comprises a semiconductor substrate including one or more components formed on the
substrate. In a related embodiment, a temperature sensor is formed on the substrate, where
the temperature sensor is configured to detect the sample’s temperature and send the
temperature information to a processor configured to provide heating and cooling
instructions. In a related embodiment, a heating element is provided wherein the heating
element is configured to heat the sample responsive to instructions provided by the processor.
In yet another related embodiment, the substrate comprises a light sensor configured to
measure light emission from the sample. In yet another related embodiment, the substrate
comprises a biocompatible coating for receiving the sample.

[0010] In one aspect, a semiconductor substrate is provided upon which various circuitry
components are formed monolithically. In one aspect, these components include those that
are necessary for performing real time PCR, e.g., temperature sensors, heaters, and light
sensors. In another aspect, the semiconductor substrate with components formed on top is
coated with a thin film layer that is at least bio-compatible and preferably hydrophilic for
receiving the bio-chemical sample that contains the PCR reagent mixed with fluid containing
target DNA strands to be amplified.

[0011] In one embodiment, a microprocessor is also formed on the semiconductor substrate.
The processor fetches instructions from memory (e.g., memory formed on the semiconductor
substrate) and executes programs to automate the real time PCR process. In another
embodiment, memory devices are formed on the semiconductor substrate. The memory
devices contain instructions and data for use by the processor to automate and perform
functions related to amplifying nucleic acid, using the real time PCR protocol. Preferably, a
portion of the memory is non-volatile, and stores information about the parameters of the
reaction and/or chemical reagents that are used in the reaction.

[0012] In one embodiment, the components and circuits formed on the semiconductor chip
are designed and manufactured in accordance to the standard monolithic semiconductor
manufacturing process, such as the complementary-metal-oxide-semiconductor, or CMOS
process.

[0013] Exemplary embodiments also include various other circuit components including
timers, analog to digital converters (ADC), communication controllers, voltage regulators,
and 10 pads.

[0014] In all embodiments, the semiconductor chip rests on a solid support object for

structural integrity. An example of such a support is the printed circuit board (PCB), on
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which metal conductive traces are formed. The semiconductor chip makes electric contact
with the conductive traces on the solid support through bonding wires.

[0015] In another aspect of these embodiments, a bio-compatible and hydrophilic coating on
the semiconductor substrate is provided. In related embodiments, an epoxy polymer is used.
Additional layers of thin-film coating can be applied to the semiconductor chip surface, such
that the coating layer can act as a wavelength filter. In one variation of this implementation,
the coatings are made of zinc sulfide and Cryolite compounds.

[0016] Alternatively, a light wavelength filter can be made of coated glass, quartz or
transparent polymer (e.g., polycarbonate or polypropylene) and laminate on top of the
semiconductor substrate. In a related embodiment, a wavelength filter is “patterned” such
that different portions of the filter have different wavelength filtering characteristics. In this
aspect, different light sensors are subject to different filtering effects and the pixels

can preferably sense light of different wavelengths. This is useful for detecting the activity of
different molecular probes with different peak emission wavelengths.

[0017] In certain aspects, the reagent sample that is received by the coated semiconductor
chip has the volume of 0.1uL to 200uL.

[0018] In one embodiment, the heating element is made of a transistor component formed on
the semiconductor substrate. An example of such a transistor is a power MOSFET device
common in integrated circuit semiconductor chips.

[0019] In another embodiment, the heating element is made of resistors formed on the
semiconductor substrate. An example of such a resistor is a poly silicon resistor, common in
integrated circuitry semiconductor chips.

[0020] In yet another aspect of the embodiments, the light sensor is made of an array of
active pixel circuitry. Each of these pixels consists of a photodiode device and a read out
circuitry made of 3 or 4 transistors. Furthermore, additional analog and digital circuitries are
included to allow for suppression of noise generated by the pixels, e.g., by comparing output
from different pixels. In another embodiment of this technique, noise suppression is achieved
by comparing pixel read outs at different time periods, while keeping other operating
conditions (e.g., temperature) constant.

[0021] In a preferred embodiment, among the circuits formed on the substrate are one or
more analog to digital converters (ADC). These converters convert analog information
produced by the sensors to digital information for efficient communication and further

processing by the processor.
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[0022] In yet another aspect of the embodiments, a communication controller is included on
the chip. The communication controller helps to communicate information obtained or
processed on the chip to the outside of the chip. Specifically, it can package information sent
from the sensors, embedded CPU, or memory and transmit such information serially and,
preferably, in digital form. Conversely, it can receive information from outside the chip and
send the information to the on-chip control circuitry, embedded CPU or memory. The
communication controller can transmit or receive functions through the 10 pads of the chip.
[0023] When the communication controller communicate the information gathered from the
chip to the outside of the chip in digital form and serially, error checking methods such as
parity check or cyclic redundancy check (CRC) are typically utilized, in conjunction with a
resend mechanism to enhance communication reliability.

[0024] In additional embodiment, the invention provides an external instrument device for
interfacing with a human operator. The external instrument device consists of user interface
features such as a keypad and display. Furthermore, the external instrument device may
provide power and a clock to the semiconductor chip apparatus.

[0025] A human operator operates the external instrument device through its user interface
features, namely keypad and display. The operator can initiate, terminate, and monitor the
progress of the reaction. The operator can also modify the instructions and data stored in
memory which the processor uses to perform reaction control.

[0026] In another embodiment, the external instrument device also provides assisted cooling
and optical excitation to the semiconductor chip-based PCR apparatus mentioned above.
[0027] In apreferred embodiment an excitation light source is included in the external
instrument device. In one embodiment, the excitation light source consists of one or more
light emitting diodes (LEDs) and associated excitation filters.

[0028] In a variation of the invention, the processor resides outside the chip, thus is part of
the instrument. The processor controls the on-chip components such as heaters, temperature
sensors, and light sensor by communicating with them through the communication interface.
[0029] In one embodiment, the external instrument device provides assisted cooling function
to the semiconductor chip. In one aspect of the embodiment, the external instrument achieves
assisted cooling of the semiconductor chip using a fan. The fan receives command from the
processor that controls the PCR process.

[0030] In another aspect of the embodiment, the external instrument achieves assisted

cooling of the semiconductor chip using a solid state cooling device such as the Peltier
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device. The Peltier receives command from the processor that controls the PCR process,
regardless of whether the processor itself is embedded on the chip or not. In another
embodiment, the external instrument device is connected to the Internet, either through wired
interface, such as USB or Ethernet, or wirelessly, such as through Wi-Fi or through a mobile
network, e.g., a GSM network, a 3G network, etc.

[0031] The present invention also provides a cartridge apparatus comprising the
semiconductor chip mentioned above, where the semiconductor chip is housed in a chamber
within the cartridge. The semiconductor chip will form at least one surface of the chamber.
The surface formed by the semiconductor chip can be vertical, horizontal or tilted relative to
the direction of gravity.

[0032] In yet another embodiment, more than one chamber can be formed in the cartridge.
Each of these chambers has at least one surface spanned by the semiconductor chip. Each of
these chambers can receive samples for PCR reactions. Preferably, these chambers are
segregated to isolate the fluid contained in these chambers.

[0033] Included in the invention are openings for the chamber to receive samples. Each
chamber has one or more openings, ¢.g., one opening to receive the samples and an additional
opening to provide a vent to avoid formation of bubbles.

[0034] In one embodiment, certain portions of the biochemical reagents are pre-stored in the
chambers of the cartridge prior to delivery of the cartridge to the user site. A preferred
method of pre-store biochemical reagents is to store such reagents in freeze-dried or
"lyophilized" form.

[0035] In another embodiment, at least one wall of a chamber of the apparatus is optically
transmissive, allowing excitation light to pass through this wall and into the reagent mixture,
whereby fluorescent labeled bio-chemical compounds are excited.

[0036] In a preferred embodiment, the direction of excitation light is chosen such that the
excitation light does not incident on the sensor surface directly. Preferably, the direction of
the excitation light should be perpendicular to the normal of the light sensor surface, i.c. the
semiconductor chip.

[0037] As mentioned earlier, the processor receives information from the temperature sensor
and sends instructions to the heaters to control the temperature. The processor accomplishes
this task by establishing a desired temperature called temperature set point, then calculating

the difference between the measured temperature and the temperature set point. The
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processor then combines a proportional, integral and differential aspect of the difference to
generate instructions to the heating element.

[0038] Analog and digital circuitry may be included to suppress the inherent noises generated
by the light sensors. Because noise may be correlated to the temperature of the chip, this
circuitry can further use the information from the temperature sensor to estimate noise and
improve noise suppression.

[0039] Among the various instructions and data stored in memory and executed by the
processor, there exists a set of instructions and data and/or programs to perform self
calibration in factory. Specifically, the self calibration program temperature provided by the
temperature sensor to the actual temperature the chip is exposed to in the factory, which is
known. The program then calculates a set of correction factors to account for any
inaccuracies of the temperature sensor. These correction factors are specific for each instance
of the device and stored in the memory of the device. These factors are then applied during
the normal operation of the device.

[0040] The features and advantages described in the specification are not all inclusive and, in
particular, many additional features and advantages will be apparent to one of ordinary skill
in the art in view of the drawings, specification, and claims. Moreover, it should be noted
that the language used in the specification has been principally selected for readability and
instructional purposes, and may not have been selected to delineate or circumscribe the

inventive subject matter.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0041] These and other features, aspects, and advantages of the present invention will
become better understood with regard to the following description, and accompanying
drawings, where:

[0042] Figure 1 shows the cartridge and external device. The cartridge houses one more
chambers within. For each chamber, there is an opening for loading sample and optionally
another one for venting purposes. The external device is a handheld or bench top instrument.
It has essential user interface features such as a display and a keypad. The external instrument
device also has an opening for the cartridge to plug into. The cartridge makes electric
contacts with the external instrument device through an array of electric contacts.

[0043] Figure 2 shows an embodiment of the apparatus for amplifying nucleic acids.

Specifically shown here is the semiconductor substrate on top of which many circuitry



WO 2012/178210 PCT/US2012/044090

components are formed. The semiconductor chip rests on a solid support. A chamber is
formed over the semiconductor substrate. A mix of bio-sample and PCR reagent is housed
inside the chamber. The semiconductor chip is coated with a layer of thin film coating to
provide a bio-compatible interface with the sample fluid and act as a wavelength filter for the
image sensor formed on the semiconductor substrate. There are one or more openings for
loading samples into the chamber. The openings can be sealed during the reaction. Part of the
chamber wall can be transparent to receive optic excitation from a light source outside the
chamber.

[0044] Figure 3 shows a functional diagram of the circuitry formed on the semiconductor
substrate. The functional blocks of the chip — temperature sensor, heater, light sensor,
communication controller, and memory are shown here. A processor is connected to all these
functional blocks through a set of electric connections known as the bus. The circuitry
receives power and clock supply from outside the chip. It can also communicate with the
outside through electric connections shown as TX and RX lines, with the help of the
communication controller.

[0045] Figure 4 shows a block diagram illustrating the architecture and algorithm for
temperature control using feedback. A desired temperature level is given as the temperature
set point. The actual temperature is measured by the temperature sensor. The difference
between the two is used by the temperature controller to calculate and generate instructions to
the heating element, which acts as the actuator of the control system.

[0046] Figure S shows a temperature sensor based on a PNP type of bipolar transistor. The
Emitter to Base Voltage (Veb) is amplified, digitized and stored in a digital register (shown
as “Latches”) for access by a microprocessor or other types of digital circuits.

[0047] Figure 6 shows an exemplary implementation of a transistor-based heater, comprising
a single Power MOSFET. The heater can be turned on by applying logic input (shown as a
5V logic signal) to the base. A resistor is applied between the source and ground. The resistor
value and Vgs determines the power dissipation on the transistor when it is turned on.

[0048] Figure 7 shows a schematic representation of pixel circuitry, comprising a photo
diode and a read out circuitry consists of 3 (in figure ‘7a’) or 4 (in figure ‘7b’) transistors.
The photodiode can be a reverse-biased PN junction photodiode (in figure ‘7a’) or a P+NP
pinned diode (in figure 7b’).
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[0049] Figure 8 illustrates a wavelength filter coating consisting of alternating layers of two
or more dielectric materials of different refractive indices, such as zinc sulfide (refractive
index of 2.35) and cryolite (refractive index of 1.35).

[0050] Figure 9 shows a temperature calibration graph. To calibrate the temperature sensor,
the chip is heated to a precisely controlled, known temperature and the output signal from the
temperature sensors is read. Circles are points of forced temperature and measured
temperature from a sensor. A curve fitting algorithm interpolates the data and establish the
relationship between the sensor reading and the actual temperature. Crosses represent the
interpolated temperatures at the points of interest, i.e., temperatures that will be used by the
cycling program to amplify nucleic acid. The curve fit in this case embodies the correction
factor between the sensor measurement and the actual temperature.

[0051] Figure 10 shows a preferred embodiment of the PCR cartridge apparatus (10a is a
perspective view; 10b is a side view; 10c is a frontal view). In this design, the semiconductor
chip is oriented vertically. The optically transmissive wall forms the bottom wall of the
chamber. The inlet and outlet openings are placed on the top of the chambers Legend: 1,
chambers; 2, Inlet; 3, Outlet; 4, Cap; 5, latch; 6, semiconductor chip; 7, socket; 8, PCB board;
9, LED; 10, excitation filter; 11, transparent window; 12, electric contact.

[0052] Figure 11 shows an illustration of a method for transferring fluid from a sample

preparation chamber to the PCR chamber.

DETAILED DESCRIPTION OF THE INVENTION

Definitions
[0053] Terms used in the claims and specification are defined as set forth below unless
otherwise specified.
[0054] The term “nucleic acids” refers to biological molecules that include DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid), which are essential for life. Together
with proteins, nucleic acids make up the most important macromolecules; each is found in
abundance in all living things.
[0055] The term “semiconductor” refers to a material with electrical conductivity due to
electron flow (as opposed to ionic conductivity) intermediate in magnitude between that of a
conductor and an insulator. Semiconductor materials are the foundation of modern

electronics, including radio, computers, telephones, and many other devices.
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[0056] The term “microprocessor” refers to a device that incorporates the functions of a
computer's central processing unit (CPU) on a single integrated circuit (IC, or microchip). It
is a multipurpose, programmable, clock-driven, and register-based electronic device that
accepts binary data as input, processes it according to instructions stored in its memory, and
provides results as output.

[0057] The term “complementary metal-oxide—semiconductor” or “CMOS” refers to a
technology for constructing integrated circuits. CMOS technology is used in
microprocessors, microcontrollers, static RAM, and other digital logic circuits. CMOS
technology is also used for analog circuits such as image sensors, data converters, and highly
integrated transceivers for many types of communication.

[0058] The term “hydrophilic” refers to properties of a molecule or portion of a molecule that
is typically charge-polarized and capable of hydrogen bonding, having an affinity for water.
[0059] The term “reagents” refers to compounds or mixtures, usually composed of inorganic
or small organic molecules that are used to affect a transformation on an organic substrate.
[0060] The term “transistor” refers to a semiconductor device used to amplify and switch
electronic signals.

[0061] The term “Peltier effect” is the effect of creating a heat flux between the junction of
two different types of materials. A Peltier cooler, heater, or thermoelectric heat pump is a
solid-state active heat pump which transfers heat from one side of the device to the other side
against the temperature gradient (from cold to hot), with consumption of electrical energy.
[0062] Reference in the specification to “one embodiment™ or to “an embodiment” means
that a particular feature, structure, or characteristic described in connection with the
embodiments is included in at least one embodiment. The appearances of the phrase “in one
embodiment” or “an embodiment” in various places in the specification are not necessarily
all referring to the same embodiment.

[0063] Some portions of the detailed description that follows are presented in terms of
algorithms and symbolic representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations are the means used by those
skilled in the data processing arts to most effectively convey the substance of their work to
others skilled in the art. An algorithm is here, and generally, conceived to be a self-
consistent sequence of steps (instructions) leading to a desired result. The steps are those
requiring physical manipulations of physical quantities. Usually, though not necessarily,

these quantities take the form of electrical, magnetic or optical signals capable of being
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stored, transferred, combined, compared and otherwise manipulated. It is convenient at
times, principally for reasons of common usage, to refer to these signals as bits, values,
elements, symbols, characters, terms, numbers, or the like. Furthermore, it is also convenient
at times, to refer to certain arrangements of steps requiring physical manipulations or
transformation of physical quantities or representations of physical quantities as modules or
code devices, without loss of generality.

[0064] However, all of these and similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied to these quantities. Unless
specifically stated otherwise as apparent from the following discussion, it is appreciated that
throughout the description, discussions utilizing terms such as “processing” or “‘computing”
or “calculating” or “determining” or “displaying” or the like, refer to the action and processes
of a computer system, or similar electronic computing device (such as a specific computing
machine), that manipulates and transforms data represented as physical (electronic) quantities
within the computer system memories or registers or other such information storage,
transmission or display devices.

[0065] Certain aspects of the embodiments include process steps and instructions described
herein in the form of an algorithm. It should be noted that the process steps and instructions
of the embodiments could be embodied in software, firmware or hardware, and when
embodied in software, could be downloaded to reside on and be operated from different
platforms used by a variety of operating systems. The embodiments can also be in a computer
program product which can be executed on a computing system.

[0066] The embodiments also relate to an apparatus for performing the operations herein.
This apparatus can be specially constructed for the purposes of the operations (e.g., a specific
computer) or it can comprise a general-purpose computer selectively activated or
reconfigured by a program stored in the computer. Such a computer program can be stored in
a computer readable storage medium, such as, but not limited to, any type of disk including
floppy disks, optical disks, CD-ROMs, magnetic-optical disks, read-only memories (ROMs),
random access memories (RAMs), EPROMs, EEPROMSs, magnetic or optical cards,
application specific integrated circuits (ASICs), or any type of media suitable for storing
electronic instructions, and each coupled to a computer system bus. The memory/storage can
be transitory or non-transitory. Memory can include any of the above and/or other devices

that can store information/data/programs. Furthermore, the computers referred to in the
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specification can include a single processor or can be architectures employing multiple
processor designs for increased computing capability.

[0067] The algorithms and displays presented herein are not inherently related to any
particular computer or other apparatus. Various general-purpose systems can also be used
with programs in accordance with the teachings herein, or more specialized apparatus can be
constructed to perform the method steps. The structures for a variety of these systems will be
clear to the skilled artisan based on the description provided herein. In addition, the
embodiments are not described with reference to any particular programming language. It
will be appreciated that a variety of programming languages can be used to implement the
teachings of the embodiments as described herein, and any references below to specific
languages are provided for disclosure of enablement and best mode.

[0068] In addition, the language used in the specification has been principally selected for
readability and instructional purposes, and cannot have been selected to delineate or
circumscribe the inventive subject matter. Accordingly, the disclosure of the embodiments is
intended to be illustrative, but not limiting, of the scope of the embodiments, which are set

forth in the claims.

Apparatus of the invention

[0069] In one embodiment, an apparatus for amplification of a nucleic acid in a sample is
disclosed. The apparatus comprises a semiconductor substrate, a temperature sensor, a light
sensor and a biocompatible coating deposited over the substrate and the other components.
In a related embodiment, the apparatus comprises a heating element. A sample along with
reagents for a polymerase chain reaction (PCR) is deposited on the substrate and instructions
provided by a processor direct heating and cooling of the sample by the apparatus. In one
embodiment, amplification of nucleic acid in a sample is detected by the light sensor formed

on the substrate.

Substrate

[0070] The apparatus includes a semiconductor substrate. A semiconductor substrate is a
solid substance with limited electrical conductivity, which can be modulated by adding
impurities — a process known as doping. Examples of semiconductor substrate materials
include but are not limited to silicon, germanium, gallium arsenide etc. In one embodiment,
the semiconductor substrate is a planar surface onto which electronic devices or components

are formed through pattered diffusion of doping elements. The electronic components can
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also be interconnected to each other with metal traces deposited on the surface of the
substrate. The process steps to form electronic components on semiconductor substrate
typically include deposition, etching, photolithography and ion implantation, etc.

[0071] Over the history of development of semiconductor manufacturing processes, certain
types of processes became particularly popular and advanced. These are optimal for forming
circuits that give rise to the main stream integrated circuit products such as microprocessors,
networking and communication processors and controllers, industrial and automotive
controllers etc. A good example of such process is the complementary-metal-oxide-
semiconductor process or CMOS. Due to this advancement, it is possible to manufacture

highly integrated, highly functional systems on a silicon chip at very low unit cost.

Temperature sensor

[0072] The apparatus includes a temperature sensor formed on the substrate. A temperature
sensor is a device that measures temperature and converts it into a signal, which can be read
by another device or component. Many circuit components, such as a bipolar transistor, have
operational properties that are affected by temperature. A temperature sensor is thus a
circuitry that utilizes this property and converts temperature to an electric signal. An example
of such a temperature sensor is shown in Figure 5. The temperature sensor is based on
measuring the Emitter-Base voltage of a PNP type bipolar transistor. The measurement is
amplified, converted from analog to digital, and represented in a digital latch that is readable
by a microprocessor.

[0073] The temperature that is measured by the temperature sensor described herein is the
temperature at the junction of the temperature-sensing transistor, or junction temperature.
Because semiconductor material, such as silicon, has very low heat capacity, or very high
heat conductivity. The junction temperature can be used as a fairly accurate representation of
the temperature of the entire chip and the small amount of liquid sample deposited on the
chip. Thus the measured temperature represents the temperature or a change in temperature
of a sample deposited on the apparatus.

[0074] The temperature sensor can detect the temperature periodically, at a predetermined
frequency or responsive to instructions provided by a processor. Similarly, the temperature
sensor can report the detected temperature to another device at a periodic interval or when a
change in temperature is detected. In one embodiment the temperature sensor provides the

temperature information to a processor.
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Heating element

[0075] The apparatus includes a heating element formed on the semiconductor substrate. In
one embodiment, the heating element can be a transistor or a resistor.

[0076] All electric components will consume power and generate heat to some degree. In a
typical semiconductor chip design, an effort is made to minimize heat dissipation inside the
chip. This is achieved through careful design such that the switching elements (i.c.,
transistors) are either fully open (off) or closed (on). In the former case, the current flowing
through the transistor vanishes; in the latter case, the voltage drop on the transistor is zero. It
is assumed there is a “load” between the power and the transistor, and in this case, the entire
voltage drop occurs on the “load”, not the transistor.

[0077] In the present invention, the transistor, when configured as a heater, is purposefully
designed to generate heat in a controlled fashion. Transistors may be partially turned on,
allowing current to flow through and, at the same time, allowing voltage to drop across the
current path. In this way, the transistor consumes power and generates heat. A transistor
configured to function this way can be a power MOSFET transistor configured with a resistor
placed in between SOURCE and GROUND (Figure 6). In this example, the input to the
GATE of the transistor can turn the heater on and off. A typical method to modulate the heat
element is through pulse width modulated input signal, or PWM.

[0078] It is also worth noting that in designing such a heating element, the transistor can be
sized based on the amount of power it can consume and convert to heat. This ensures that
physical damage does not occur during operation.

[0079] The advantages of using transistors as heating elements are twofold. First of all,
transistors are easy to fabricate on semiconductor substrate. The operating parameters of
transistors are relatively easy to control during the fabrication process relative to many other
components (e.g., resistors). This facilitates device-to-device uniformity. Secondly, in
operation, transistors can be easily and quickly turned on and off by other circuits, such as a
microprocessor. This means that the amount of power consumed to generate heat can be
casily modulated in real time, for example, using a pulse width modulation (PWM) method.
[0080] It is also possible to generate heat by passing current through resistors on the chip.
The semiconductor manufacture process allows forming of resistors on the semiconductor
substrate. These resistors can be either metal or poly silicon. Sometimes, a resistor is formed

using the same technique for forming transistors.
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Light sensor and noise reduction circuit

[0081] The apparatus includes a light sensor formed on the semiconductor substrate. The
light sensor is made of one or more circuit elements called active pixels. A pixel consists of a
photodiode and a read out circuitry. A photodiode is a specially formed semiconductor
component that converts photon influx to electric current. Examples of such components are
reverse-biased PN junction photodiode and the P+NP pinned diode, as shown in Figure 7.
The read out circuitry, which consists of 3 to 4 transistors, integrates photo diode current into
a voltage that can be amplified and read. The light-to-electric conversion can be controlled to
start at a desired time and last for a prescribed period of time, much like the shutter of a
camera. Many pixels can be formed and laid out into an array, providing image sensing
capability.

[0082] In molecular biology, one of the most robust methods to identify a target of interest is
to label the target molecule with a light-emitting substance, e.g., fluorescence-emitting
compounds or bioluminescent compounds. Under light stimulus, a fluorescent-labeled
molecule will absorb the energy from the stimulus light and then emit light at a slightly
longer wave length. Sometimes there is also a small time delay between light excitation and
emission. The difference between the two wavelengths is referred to as the Stokes shift. This
property is the basis of separation of emitted fluorescence from excitation light. In the case of
bio-luminescent probes, no excitation light is needed. Light signal is generated as a result of
chemical reactions.

[0083] For example, fluorescein amidite fluorophore or FAM (a typical a fluorescent dye)
has an excitation wavelength of 492nm. This is the wavelength at which it can be most
efficiently excited by excitation light. When the fluorophore is excited, it will emit light at a
center wavelength that is different from the excitation wavelength. The emission wavelength
is usually longer than the excitation wavelength. For FAM, the emission wavelength is
centered on 518nm.

[0084] In fluorescence detection, to be able to separate excitation light and light emission is
important since the strength of emitted light is much less than that of the excitation light. A
preferred method to achieve this separation is to use filters that selectively filter out light of a
given wavelength range. For FAM, a filter that can filter out wavelengths shorter than 505nm
can effectively block the excitation light, while allowing the emitted light to pass. The
emission filter is preferably a bandpass or long pass filter whose cut off frequency is

somewhere midway between the peak excitation wavelength and peak emission wavelength.

15



WO 2012/178210 PCT/US2012/044090

It is often desirable to be able to sense multiple fluorophores in the reaction mix,
fluorophores with distinct excitation and emission wavelength are selected. For example, the
fluorophore ROX has the center excitation wavelength of 578nm and peak emission
wavelength of 604. To sense more than one fluorophores, such as FAM and ROX in the same
reaction mix, multiple excitation light sources with different filters are used, each suitable for
the intended fluorophore. For example, a green LED with an excitation bandpass filter whose
center wavelength of 578 is used for ROX. The excitation light sources are typically turned
on alternatively or sequentially. On the detector side, different wavelength filtering
characteristics are built into the system. For example, we would “pattern” the filter such that
different portion of the filter would have difference wavelength characteristics, e.g., center
wavelength and cut off wavelengths for a bandpass or long pass filter. In such a way,
different light sensors are subject to different filtering effects and the pixels
can preferably sense light of different wavelengths. As explained before, a bandpass filter
with center pass band wavelength of 518nm is suitable for FAM, whereas a bandpass filter
with center pass band wavelength of 604nm is suitable for ROX.
[0085] Even though different fluorophores have different emission wavelengths, their
emission wavelength ranges overlap. As a result, signal cross-talk can be an issue. For
example, consider FAM (peak emission wavelength of 518nm) and ROX (a peak emission
wavelength of 604nm) and corresponding light detectors A and B with sensitivity ranges of
518nm +- 30nm and 604nm +- 30nm, respectively. Detector A is used to detect FAM and
detector B is used to sense ROX. However, sensor B will still produce a weak response in the
presence of FAM only. One way of interpreting the responses is to employ the method where
is alternately excited by light sources intended for FAM and ROX, followed by comparison
of the responses of sensor A and sensor B. If the signal generated by sensor B increases when
the excitation light source optimized for ROX is used, then ROX is likely present.
Conversely, if sensor B response decreases when the excitation light source optimized for
ROX is used, then sensor B response is likely cross talk from FAM.
[0086] The major challenge associated with detection fluorescent light from molecular
marker using semiconductor sensor is in detecting very low level of light. Semiconductor
photo detectors are generally noisy. In the context of fluorescent detection in molecular
biology, the inherent noise of the photo detector can be as much as 10 times higher than the
detected signal. Thus methods to enhance photo-detector signal to noise ratio (SNR) are

critical.
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[0087] The noise carried by a photodetector is often referred to as dark current by
practitioners in this field. The dark current typically contains two portions. There is a “fixed”
portion that is time invariant for a given photodetector when all other conditions, such as
temperature, supply voltage, etc., are kept constant. The second portion of the noise varies
over time and is random and unpredictable. This second portion of the noise is often called
“shot noise.”

[0088] In order to cancel out the fixed portion of the noise, the following techniques are
used. Since it is know that fluorescent emission is caused by optical excitation, and optical
excitation timing and duration is controlled by the same processor responsible for detection,
repeated samples of the photodetector signal are taken before optical excitation is applied.
These are samples called “dark frames”. The output of these samples is then averaged and
used as the estimate of the fixed portion of the noise. This estimate can then be subtracted
from light measurement when excitation is applied to eliminate the fixed portion of the noise.
[0089] In order for the estimation of fixed noise to be accurate, we make sure that the
operating conditions for taking dark frames are exactly the same as the conditions for taking
normal samples of fluorescent emission when optical excitation is applied. For example, we
would take capture the dark frames, as well as normal light frame during a time when the
temperature is kept constant. As described elsewhere herein, there is a period of time during
PCR, namely the annealing time, when the temperature is maintained precisely at a fixed
level. It is also desirable to use the period of time when the temperature is the lowest to
minimize noise. In PCR, it is the annealing time that the temperature is the lowest (typically
between 55 degree C to 65 degree C).

[0090] To reduce the time-variant portion of the noise, or shot noise, we employ the method
of repeatedly sampling, digitizing the photodetector outputs and averaging them. Since the
shot noise for repeated samples is uncorrelated, the noise from multiple samples tends to
cancel itself out. This can be done within a period of time when the operating condition of the
chip is constant. For the same reasons described above, the annealing time is preferred for
applying the noise-reduction procedure. Note that the annealing time is in the tens of seconds,
and occasionally over a minute, for each PCR cycle. Hence, relatively long periods of time
exist to integrate photodiode current and take repeated samples to average out shot noise.
[0091] Since the ultimate goal is to increase the signal-to-noise ratio, efforts to increase
signal strength are as important as the above-described efforts to reduce noise. In preferred

embodiments of the apparatus and methods described herein, the bioassay is coupled directly
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to the sensor embedded in the semiconductor substrate such that the optical path is as short as
possible and optical loss is kept to a minimum. Moreover, the detection area of the light
sensor is designed to match the size of the reaction volume, thus maximizing the absorption
of photon influx without the use of bulky focusing lenses. The pixel size of an image sensor
customized for use in molecular biology may be larger than the image sensors used for
cameras or camcorder. Larger pixels yield better signal strength.

[0092] For an array of light sensors, it is also possible to reduce the noise with circuitry that
compares input from many densely packed sensors and then cancels out the noise. For
example, although the properties of pixel circuitry can vary from individual pixel to
individual pixel or from chip to chip, it is easier to make 2 adjacent pixels with matching
properties. So in one embodiment, we have two adjacent and identically designed pixels
working together. One of the pixels is permanently covered by a layer of metal or other
material that prevents the passage of light. The differential output of the two pixels gives a
better indication of light stimulus and free of some aspects of the noise introduced by the
pixel circuitry itself. Pixels that are covered to provide estimated dark current for subtraction

from normal pixel output are sometimes called “dark pixels”.

Biocompatible and wavelength filter coating

[0093] The apparatus comprises a biocompatible coating deposited over the substrate and
integrated components. Numerous polymer-based materials are shown to be compatible with
molecular biochemical assays such as those used for PCR. Examples include polypropylene,
polyurethane, parylene, epoxy, and polycarbonate. Epoxy and parylene have been shown to
function well in coating applications. Epoxy, for example, has been shown to be hydrophilic,
which helps to promote contact of the assay with the chip surface and ensures optimal heat
transfer.

[0094] Another important function of the coating is to filter incoming light by its wavelength.
As mentioned carlier, the coating filters incoming light such that light emission with
wavelengths shorter than a given value is blocked. This kind of filtering is called a long pass
filter. Wavelength filtering is achieved through thin film coating. An example of such coating
is composed of alternating layers of two or more dielectric materials of different refractive
indices, such as zinc sulfide (refractive index of 2.35) and cryolite (refractive index of 1.35).
Figure 8 illustrate this concept.

[0095] As widely known to practitioners in the semiconductor arts, integrated circuits are

initially formed on a disc-shaped substrate called a wafer. Many instances of the chip, which
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are rectangle in shape, are repeated on the wafer. After the wafer is fully processed, it is then
cut and individual chips are obtained. It is important that application of the coating is done at
the wafer level, instead of to each chip. This method is both more economical and results in a
better quality chip.

[0096] Applying the coating mentioned above may introduce surface tension in such a way
that it can cause the wafer to bend and deform. One method to address this problem is to
apply coatings on both side of the wafer to counter balance the tension and ensure the
structural integrity of the wafer.

[0097] An alternative method of adding a filter is to laminate a layer of filter made of coated
glass, quartz or polymer (examples of transparent polymers are polycarbonate,
polypropylene) on top of the semiconductor substrate. In this case, using glass as example,
the filter is made by applying coatings onto a glass wafer. The glass wafer is then cut into
individual dice about the same size as the silicon chip. The glass filter die is then bonded to

the silicon chip die.

Solid support

[0098] Semiconductor substrate or chip typically does not have the structure integrity to form
a standalone functional device. It is always desired to package the semiconductor chip on to a
supporting structure. In this invention, the semiconductor chip rests on and is bonded to a
solid support. A typical such support is a printed circuit board that has metal conductor traces
etched onto it. The semiconductor chip makes electric contact with the metal traces of the

circuit board through bonding wires.

Temperature Controller

[0099] The purpose of the temperature controller is to adjust the inputs to the heating element
to make the actual temperature, as measured by the temperature sensor to match a desired
temperature level called the temperature set point. The temperature controller compares the
reading from temperature sensor and a set point. A control algorithm implemented in the
temperature controller translates the difference into inputs to the heating element to make the
output temperature match the set point. Proper choice of the control algorithm ensures the
actual temperature reaches the temperature set point quickly without overshooting the level
defined by the set point. The controller typically combines the proportional, integral and
differential aspects of the temperature measurement to set point difference to generate inputs

to the heating elements (i.c. the actuators), as in PID control.
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[00100] Several aspects of this design ensure high quality temperature control. First of all,
the semiconductor substrate has very low heat capacity. Along with the fact that the amount
of fluid being assayed is very small, this means that the temperature changes quickly with
heating or cooling inputs. A mechanical analogy of this kind of system is one that has very
low “inertia”. Moreover, heating elements such as MOSFET transistors with pulse width
modulated inputs act very quickly. The combined effect means the actual temperature can

very accurately and quickly match the temperature set point.
Timers

[00101] Part of the logic circuitry integrated on the chip may include one or more timer
devices. A timer is a logic circuitry that can be programmed to measure elapsed time and
generate interrupts to the CPU. A timer is fed a clock source as the timing base. The clock is
a square wave logic signal with very stable period. For example, a timer can be a counter that
counts clocks. Furthermore, a timer can be programmed to count a desired number of clocks.
If the timer counts a prescribed number of clocks, it either raises a flag, causing a register bit
to go from ‘0’ state to ‘1’ state that can be polled by the CPU; or generates interrupts to the
CPU. An application program can use said timer to time events or schedule actions.

[00102] A stable clock source is used for the operation of the timer. In fact, a stable clock
source is used for many other digital circuits such as the CPU. This clock can be fed from
outside of the chip, or generated internally with an embedded oscillator circuitry. In this case,
since the chip is connected electrically to the instrument, it would be easy to let the
instrument supply the clock source. Stable clocks can be generated from many well known
electronic circuits and components that are based on Quartz (crystal) or MEMS oscillators.
[00103] An additional array of programmable counters, known as PCA (programmable
counter array) can be employed to provide pulse width modulated (PWM) inputs to the
heating elements. The CPU can decide the frequency and duty cycle of pulse width

modulated signals as a means to control the input signal strengths to the heaters.

Temperature cycling control with the help of a timer

[00104] To enable PCR, the semiconductor chip will generate and control the heat to cause
the assay fluid to cycle through different temperatures levels at prescribed time periods.

Typical cycle temperatures and timer periods are shown in Table 1.
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30-40 | 94 —95 degree C | 30 sec Cooling down
Cycle time: 14s
55 —-58 degree C | 30 sec— 1 min | Heat up time:
10s
72 degree C 1 min Heat up time
10s

Table 1 Exemplary PCR temperature cycling schedule

[00105] In one embodiment, the temperature cycling control is managed by a
microprocessor, described elsewhere herein. The microprocessor can decide the set-point of
the temperature feedback control loop as a way to set the desired temperature of the chip.
[00106] In another embodiment, multiple samples of assay fluid are housed in separate
chambers on top of the chip. In this design, multiple “sites” exist on the chip for each of the
samples. Each site will have its own temperature sensor, heater and temperature control
systems. These temperature control systems can be controlled by the same processor in a time
sharing (or time slicing) fashion. With this method, assuming the temperature set points are

the same across the sites, better temperature uniformity can be achieved.

Analog to digital converter (ADC)

[00107] In a preferred embodiment of the apparatus, one or more analog to digital
converters (ADC) are formed on the substrate. These converters convert analog information
produced by the sensors to digital information for efficient communication and further
processing by the processor.

[00108] Various ADC architectures exist. Some are fast but have low resolution, ¢.g., a
flash ADC. Some are slower but have higher resolution, e.g., successful approximation
ADCs, single slope ADCs and dual slope ADCs. Another class of ADCs use over-sampling
to achieve high resolution at the cost of high switching noise, ¢.g., sigma-delta ADC.
Preferred embodiments use single slope or dual slope ADCsl

[00109] When the apparatus communicates with the external read out device, on-chip
ADCs enable such communication to be carried out digitally. Various error control and
correction methods made possible with digital communication, e.g., parity check, cyclic
redundancy check, resend mechanism, etc., further improve the reliability of operating this
apparatus for clinical or point-of-care use. Although some aspects of noise produced by the
sensors can be filtered out in analog domain, processing the sensor information digitally to

remove noise is preferred. In preferred embodiments, the ADCs are close to the sensors. In

21



WO 2012/178210 PCT/US2012/044090

some embodiments, where filtered sensor information is processed to control the reaction or

to produce final diagnostic results, that filtering is also performed digitally.
Processor

[00110] In a preferred embodiment, a microprocessor is formed on the chip. The processor
executes instructions stored in memory and carry out control, sensing, and communication
tasks that are defined in the instructions or programs stored in memory.

[00111] Most of the special function circuitry on the chip, such as the heating elements,
temperature and image sensors, and communication controllers are directly controlled by the
processor to perform their tasks. In other words, the interworking of these components is
managed by the processors according to the instructions in the computer programs stored in
memory. This results in maximum flexibility and programmability, and architectural
simplicity. For example, in temperature control, the processor receives the temperature
information from the temperature sensor, along with information from other components such
as the timer and provides heating and cooling instructions to other components of the
apparatus and outside the apparatus to heat and cool the sample. The heating and cooling
instructions can be used to perform a polymerase chain reaction (PCR) to amplify a single or
a few copies of a piece of DNA.

[00112] In one embodiment, the processor can be provided on the semiconductor
substrate. In other embodiments, the processor can be housed in another device separate

from the semiconductor substrate.

Memory

[00113] In a preferred embodiment, various types of memories are embedded on the chip.
The memories are used to store code and data for use by the embedded microprocessor. This
is rather common for semiconductor chips containing embedded processors. In an exemplary
implementation, a portion of the memories is non-volatile. Non-volatile means that the
content of the memory is retained when power is off. Non-volatile memory can be read only
memory (ROM), OTP memory (one time programmable memory), EEPROM or flash (many-
time-programmable non-volatile memory). Nonvolatile memory is a convenient location for
storing start up, bootstrap code, loader programs, calibration data etc.

[00114] Morecover, when PCR reagents are pre-packaged in the device, it is preferred that
information about the reagents is stored in the non-volatile memory. Furthermore, the

parameters for the PCR reaction, such as target temperature and time periods, relate to the
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particular PCR reagents used and may therefore also be stored in non-volatile memory. At the
time of the reaction, the operator is no longer required to input the reaction parameters.
Instead, he/she is only required to add sample, insert the device, and push one start button to
commence the PCR reaction.

[00115] The content of RAM memory is lost when power is off. On power up, the content
of the RAM memory is uninitialized. RAM memory can be used to store temporary data, or
program code in normal operation. The program code stored in RAM memory can be loaded
from the external device through the communication interface, or from on-chip non-volatile

memory.

Cartridge housing the apparatus

[00116] In a preferred embodiment, the semiconductor chip is part of a cartridge apparatus
containing one or more chemical reagents necessary for the amplification and detection of
nucleic acid. One or more chambers are formed inside the cartridge, where the bio-chemical
reagent is stored during the reaction. The semiconductor chip forms at least one surface of
this chamber, in such a way that the fluid is in direct contact with the semiconductor chip
surface coating layer. This allows the chip to directly heat the sample, as well as sensing the
temperature of the sample. By allowing the biochemical reagent fluid to come into direct
contact with the chip, it is also possible to allow light emission from the sample to pass to the
light sensors of the chip with minimal optical loss.

[00117] In one embodiment, at least one of the walls of the chamber is optically
transmissive, allowing excitation light to pass through this wall and incident on the reagent
mixture, to excite fluorophores. In a preferred embodiment, the direction of excitation light
is chosen such that the excitation light does not incident on the sensor surface

directly. Preferably, the direction of the excitation light should be perpendicular to the normal
of the light sensor surface, i.¢., the semiconductor chip.

[00118] For each chamber housed inside the cartridge, there is at least one opening for
injecting the sample and reagent into the chamber. In one embodiment, a second opening for
a chamber, such as a vent is also provided. Having a second opening as a vent helps to
prevent the formation of bubbles inside the chamber. During the reaction, these openings may
be covered or sealed to prevent evaporation.

[00119] The semiconductor chip acts as the heating plate for the sample housed inside the
chamber. The chip surface may be vertical, horizontal, or tilted relative to gravity. A tilted

heating surface may prevent uneven heating due to internal fluid circulation. In a preferred
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embodiment, the semiconductor substrate and heating surface is oriented vertically. The
optically transmissive wall forms the bottom wall of the chambers. In a related embodiment,
inlet and outlet openings are present at the top of the chambers. The chambers may be
arranged in a row horizontally (see Fig 10) and coupled to the light and temperature sensors
of the semiconductor chip.

[00120] A typical PCR-based analysis involves running multiple samples under identical
conditions. At least one sample is designed to amplify and test a target nucleic acid, such as
nucleic acid extracted from a pathogen (e.g., viruses or bacteria). Other samples serve as
negative or positive controls, or they may simply repeat the test sample reaction. Such a
design helps ensure that what is detected is from the target samples, and not an artifact. In
order for this method to work, it is important that all conditions — temperature, timing, and
sensitivity of the light detectors — are identical across the samples.

[00121] The invention described herein helps facilitate sample-to-sample uniformity. A
single integrated circuit semiconductor chip today may contain many functional components
which can be formed and tuned such that they have uniform operating parameters. Over the
time scale of biochemical reactions such as PCR, these components operate in parallel at
precise points in time.

[00122] For example, we can have multiple “sites” on the chip, each of which corresponds
to a chamber housing the biochemical sample. Each site can have its own temperature sensor,
heater and light sensor, and it can be configured and controlled to operate at exactly the same
conditions, including temperature, timing of temperature changes and timing of optical
detection.

[00123] In contrast, conventional PCR equipment attempts to achieve temperature
uniformity by using highly heat conductive blocks to house the tubes. The temperature
gradient inside such heating blocks is still significant, however, and undermines test results
with multi-sample PCR. Moreover, in conventional PCR instruments, optical detection is
performed serially across the samples. A motion control system is employed to move sample
one by one into the optical path. The time difference introduced by a mechanical system is
large enough to skew test results.

[00124]  Another significant advantage of this invention is that the sample comes in direct
contact with the optical sensor on the chip. This means minimal optical loss and maximum
signal strength. Since all light sensors are noisy, higher signal strength means higher signal to

noise ratio and therefore higher sensitivity of the whole instrument.
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[00125] To summarize, the invention described herein gives rise to a PCR system capable
of achieving the highest sensitivity with optimum sample-to-sample reproducibility. These
two characteristics are the most important performance parameters of a PCR system.

Furthermore, this result is obtained at significantly reduced cost.

Other variations of the cartridge design

[00126] We described earlier that the cartridge can house multiple chambers, and these
multiple chambers can be formed on top of the same semiconductor chip. It is preferred that
these chambers are segregated, in that the reagent fluid contained in these chambers will not
mix. The nucleic acid molecules to be amplified are usually uniformly suspended in the fluid.
However, other variations of fluidic design may be used for different application needs.
[00127] In certain embodiments, reagent mixtures introduced into the chambers may
contain magnetic beads. These magnetic beads generally have diameters ranging from 1um to
500um, with nucleic acid probes or fragments covalently bonded to the surface of the

beads. The use of magnetic beads to capture and immobilize nucleic acids and proteins is
well known in the art. For DNA capture, magnetic beads that are coated with silica,
Streptavidin, COOH are shown to be effective.

[00128] An external magnetic field can be introduced to the vicinity of the cartridge

to immobilize the magnetic beads, so that when fluids are introduced or removed from the
chambers, the magnetic beads and the molecules attached to the beads remain in the chamber.
[00129] One or more open wells can be formed on the surface of the chip, so that under the
influence of external magnetic fields, the magnetic beads will be immobilized within these
wells. Moreover, the size of the wells and magnetic beads can be chosen such that only a
single magnetic bead falls into each chamber.

[00130] The interaction between nucleic acid molecules in the reagent fluid and the probes
on the magnetic beads can cause emission of light, due to fluorescence or bio-luminescence.
Such light emission can be detected by the light detectors formed on the semiconductor chip.
Individual light sensor pixels may be formed under the wells such that the magnitude and
time of light emission from individual wells can be specifically detected and measured.
[00131] In another embodiment, the molecular probes can be covalently bonded or
attached directly to the surface of the semiconductor substrate with its layer of bio-
compatible coating. Since different probes are attached to different pixel areas on the

substrate, the sensors can sense the different activities of the theses probes.
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Sealing of the chambers

[00132] During the PCR reaction, the chamber may be sealed to prevent the fluid from
expanding, evaporating or escaping the chamber. In one embodiment, the chamber openings
can be reversibly covered by a lid or cap. The cap can be made of a polymer with some
clasticity to allow a proper seal when a certain amount pressure is applied. The cap can be
held with a set of latches to apply and maintain the pressure (illustration Figure 10). In
another embodiment, a pressure-activated one-way check valve can be formed inside the
channel which forms the openings to the chambers. In yet another embodiment, the chamber

openings can be sealed with an oily compound or immiscible liquid, e.g., mineral oil.

Communications device

[00133] The removable cartridge may communicate with an external instrument device
and exchange various information, ¢.g., the status of reactions and the results of
measurements. The cartridge may also receive high-level commands from the external
instrument which is equipped with user interface features, e.g., a keypad and display. High-
level commands include those that instruct the cartridge device to start or terminate
reactions. Certain features and functions that are necessary for the reaction, such as assisted
cooling and optical excitation, may also be carried out by the external instrument device. In
that situation, the processor in the cartridge would send instructions to activate and modulate
these functions.

[00134] A 2-way communication interface is established between the cartridge and the
instrument, and implemented over the electric contacts between the cartridge and the
instrument.

[00135] To simplify the electric connection and minimize the number of contacts, the
communication is best handled by a serial communication interface. Serial communication
between two chips, the semiconductor chip and the main processor in the instrument, is well
known. There are a lot of industry standard protocols for this type of communication. A well
established and suitable protocol is the RS232. Another similarly suitable standard is the
serial peripheral interface, or SPI. Both use a controller on each side to translate between
serial data stream and parallel data interface with the CPU. The RS232 communication
controller is usually called a UART (Universal Asynchronous Receiver Transmitter) and SPI
controller is simply called the SPI controller.

[00136] In digital communication, error checking methods such as parity check or cyclic

redundancy check are typically used, in conjunction with a resend mechanism. This set of
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methods makes it possible to communicate more reliably to the outside circuits of the read-
out instrument device even in a harsh environment where electric noise or imperfect electric

contacts might otherwise prevent communication and proper functionality

External device

[00137] The solution provided by this invention also includes an external instrument
device with user interface features and network connectivity. The external instrument device
can be either a handheld device or a small bench top device. This is shown in Figure 1. The
external instrument device has a socket to which the cartridge apparatus plugs in. The socket
includes a multi-contact electric connector that allows the cartridge to be electrically
connected to the external interface. This socket allows the cartridge to be inserted or
removed.

[00138] One of the main functional features of the external instrument device is a user
interface for human operators. The user interface features typically include a key pad and a
display. Through this user interface, the human operator can initiate, monitor, control,
suspend or terminate the reactions.

[00139] Morcover, the external instrument device can be connected to the outside world
through a network interface. The advantages are numerous. In one embodiment, a wired or
wireless networking controller and interface is included in the device. This allows the device
to be connected to the Internet. The physical connections can be Ethernet, USB or Wi-Fi. The
external instrument device can also have a build in wireless radio for connection to cell
phone networks such as GSM or 3G networks, to achieve even better networking coverage.
This allows the software running on the external instrument device to communicate to
programs that reside elsewhere on the Internet.

[00140] The benefit of having network connection is particularly important when the
invention is used as a disease diagnosis tool. The cartridge and instrument described herein
can detect the nucleic acid in a sample. This capability alone is often not sufficient to perform
a diagnosis result. Proper diagnosis can involve a much larger database stored somewhere
else and accessible through Internet. In one embodiment, the sensor information obtained
from the cartridge and instrument device is transmitted through Internet to a program running
in a central server, having access to a large disease database. It is this program residing in the
“cloud” that performs the disease diagnosis. The result of the diagnosis is subsequently

transmitted back to the instrument device through the same Internet connection.
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[00141] In another embodiment of the scenario, the Internet connection also (or
alternatively) allows sensor data to be transmitted to a program running on the Internet which
gathers and tracks information about disease status from various locations, ¢.g., as part of a
regional or global epidemic control program. Information about the spread of diseases and
the genetic composition of the pathogens can also be made available to drug companies as the
basis to design and synthesize antibiotics and other forms of medical solutions.

[00142] The electronics of the external instrument device typically include a processor,
different types of memory drivers and interfaces for the displays, keypad, network interface,
radio, power management, and/or clock generator circuits, etc., much like a typical cell
phone.

[00143] The external instrument device is a powered device. It derives power from the
combination of sources, including onboard battery or external power supply, or both. Power
management circuitry is included to manage power supply. Exemplary functions of the power
management circuitry include battery level monitor and low power warning, battery level
indicator, battery charging circuitry, and regulators to generate stable voltage supplies to
internal circuitry.

[00144] The external instrument device also includes a communication interface to the
cartridge device mentioned in earlier chapters for amplification and detection of nucleic acid.
This is a wired interface through the electric contacts in the socket. The external instrument
device also provides power and clock sources to the cartridge device.

[00145] In one embodiment, cooling and/or optical excitation functionalities are
implemented in the external instrument device. For assisted cooling, a fan can be employed
to create controlled airflow to the cartridge through the socket. A solid state cooling device,
such as a Peltier device, can be used alone or in conjunction with the fan to provide the
assisted cooling function to the cartridge. Optical excitation can be realized with one or more
high power LED or laser diode housed in the external instrument device. An optical path that
includes at least a transparent opening on the cartridge allows the optical excitation to act on
the samples in the cartridge. LEDs have broad spectrum and are used together with the

excitation filter described herein to provide band limited excitation light.

Factory Calibration

[00146] As in any instrument device, calibration is important to achieve precision.
Typically, the instrument can be calibrated one or more times during the manufacturing

process. The instrument can also be calibrated periodically during its life time. In one
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embodiment, calibration is automated by including a self-calibration program in each
instance of the device.

[00147] During factory calibration, the device is heated to a precisely controlled
temperature level. The processor reads the inputs from the on-board temperature sensors and
compares that with the actual temperature. If there is any discrepancy, a correction factor
may be calculated and stored in memory for future use. The same process is repeated for
many temperature levels covering the entire operating range of the device. Figure 9 presents
a temperature calibration curve.

[00148] Since the calibration program is stored on the chip and executed by the embedded
processor, and since the result of the calibration is also stored locally in the memory of the
device, the calibration process is fully automated. Moreover, it is possible to calibrate many
devices in parallel. This is important for factory automation. Many devices can also be put on
a board, typically called “burn in board”, and go through the calibration process
simultaneously in the factory, greatly improving throughput and reducing costs.

[00149] The same concept may be used for the calibration of light sensors.

Methods for amplification of a nucleic acid

PCR

[00150] The cartridge and instrument device described herein may be used for a variety of
biochemical reactions involving enzymes and optically labeled bio-markers. This is because
most enzymes in biochemical reactions function at precisely controlled temperatures. A
prominent example of such reaction is PCR, which is used to amplify and detect nucleic
acids.

[00151]  To prepare for PCR, the reaction sample is placed in the chamber housed in the
cartridge through the openings. This can be done using a variety of dispensing instrument
commonly available for such purposes, ¢.g., a manually operated pipette. PCR reagents
typically include enzymes, nuclease-free water mixed with buffer, salts (e.g. MgCl,), primers,
nucleoside triphosphates and the target nucleic acid. The design and choice of primers is
dependent on the target nucleic acid sequence. Practitioners in the art generally posses this
skill.

[00152] When the cartridge and instrument device described herein are used for disease
diagnosis or prognosis, the target nucleic sequence of interest is extracted from the bio-
samples collected from the subject (e.g., blood samples, sputum, throat swabs, saliva, etc.).

The sample that contains the target nucleic acid of interest can be mixed with PCR reagents

29



WO 2012/178210 PCT/US2012/044090

prior to dispensing to the cartridge. Alternatively, the PCR reagents can be pre-mixed and
dispensed to the cartridge prior to dispensing the bio-samples containing target nucleic acid.
[00153] Generally, the cartridge can have more than one reaction chamber containing pre-
mixed PCR reagents with different combination of components. Some of these reaction
chambers serve as negative and positive controls. For examples, before the reaction, one
chamber can be dispensed with the target bio-sample, while a second chamber contains
everything except the target nucleic acid of interest and serves as a negative control. After the
reaction, if the first chamber shows a positive response and the second chamber does not, one
would know, with higher level of confidence that the reaction result is not due to some
artifact that is independent of the target bio-sample used in the reaction. A similar concept
can be used to design positive controls. For example, a third reaction chamber can include a
known concentration of nucleic acid template with matching primers. Where a negative result
is obtained from the main reaction chamber and a positive result is obtained from the positive
control chamber, it can be known with a higher confidence that the negative result from the
main reaction chamber is due to the lack of target nucleic acid sequence in the sample.
[00154] The procedures of PCR have been described in U.S. Pat. No. 4,683,195 (Mullis)
and U.S. Pat. No. 4,683,202(Mullis et. al.) To summarize, PCR involves repeated cycles
heating and cooling. This process is called thermal cycling. The thermal cycle temperature
and schedule is generally: phase 1 - heat to 92 to 95 degree C and maintain at this
temperature for 30 seconds or so; phase 2 - cool down to a temperature around 55 degree C to
65 degree C and maintain at this temperature for 30 sec to 2 minutes; phase 3 - heat up to a
temperature around 68 degree C to 75 degree C and maintain at this temperature for 1 minute
or s0; and then repeat. This sequence is typically repeated 30 to 40 times. For better results,
the whole process usually starts with an extended phase 1, which is heating to and maintains
at 92 to 95 degree C for over 3 minute or so; and end with an extended phase 3, meaning
heating to and maintain at 68 to 75 degree C for over 10 minute or so. The exact temperature
and periods depend on the target nucleic acid sequence and primer design. These choices are
generally within the ordinary skill of a practitioner in the art.

[00155] During phase 1, a process called denaturation occurs, separating the two strands of
the nucleic acid double helix. In phase 2, annealing occurs, in which the single-strand
primers, comprising short chains of nucleic acid building blocks-adenine, cytosine, guanine,
and thymine-bind to their complementary single-stranded bases on the denatured DNA.

During phase 3, extension occurs; the polymerase enzyme synthesizes the nucleic acid,
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extending the single-stranded template that the primers started. This process converts one
helix into two helices.

[00156] One variant of PCR is real time PCR. Real time PCR is a set of methods wherein
the accumulation of PCR amplified nucleic acids can be monitored at real time instead of at
end point. The cartridge and instrument device described in this invention supports real time
PCR. In real time PCR, the amplified nucleic acid is made detectable using detectable label
such as a fluorescent DNA-binding dye. Two common methods for detection of products in
real-time PCR are available. In the first method, non-specific fluorescent

dyes that intercalate with any double-stranded DNA are used. Because the amount of the dye
intercalated into the double-stranded DNA molecules is typically proportional to the amount
of the amplified DNA products, one can determine the amount of the amplified DNA by
quantify the fluorescent emission from the sample. DNA-binding dyes that are generally
uscful for PCR include SYBR green, DAPI, propidium iodine, SYBR blue ethidium bromide
and the like.

[00157] In the second method, sequence-specific DNA probes are labeled with

a fluorescent reporter which permits detection after hybridization of the probe with its
complementary DNA target. Since probe-based real time PCR replies on sequence specific
detection of amplified DNA product, it results in more specific and sensitive detection.
Probe-based quantitative amplification is described in U.S. Pat. No. 5,210,015 (Gelfand et.
al.).

[00158] Fluorescent probes can be used in multiplex assays (e.g., for detection of several
genes in the same reaction) by using sequence-specific probes with different-colored labels,
provided that all targeted genes are amplified with similar efficiency. The method relies on a
DNA-based probe with a fluorescent reporter at one end and a quencher of fluorescence at
the opposite end of the probe. Breakdown of the probe by the 5' to 3' exonuclease activity of
the Taq polymerase breaks the reporter-quencher proximity and allows unquenched emission
of fluorescence, which can be detected after excitation with a laser. An increase in the
product targeted by the reporter probe at each PCR cycle therefore causes a proportional
increase in fluorescence due to the breakdown of the probe and release of the reporter.
[00159] In clinical diagnostics, the samples collected from the patient can be blood,
serum, sputum, mouth swab, stool etc. These samples cannot be directly used in PCR
reaction. A sample preparation step is needed to extract and purify the DNA molecules from

the patient samples. The sample preparation process is necessarily carried out in separate
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container, vial, tube, vessel etc., which is different from the PCR reaction chamber we have
discussed thus far. The conventional way of transferring the sample fluid from the sample
preparation container to the PCR reaction chamber is to do it manually using a pipette.
However, to facilitate point-of-care or clinical use, there are other preferred ways to transfer
purified DNA from sample preparation container to PCR chamber. These methods are
especially beneficial for applications involving samples containing infectious discase
samples.

[00160] In one variation of the embodiment, the sample preparation chamber for
extracting and purifying DNA from a patient sample (e.g., blood, stool, serum, sputum) is
housed inside the cartridge. The sample preparation chamber is connected to the reaction
chambers through channels, for example, two channels for each reaction chamber, one for
transferring fluid, and one for venting. The purified DNA sample can be transferred to the
reaction chamber through these channels. Extra pressure applied inside the sample
preparation chamber may be needed to facilitate the transfer. Alternatively vacuum suction
applied to the venting channels can also facilitate fluid transfer. Finally, valves formed inside
the channels can be used to regulate the transfer.

[00161] In another variation of the embodiment, the sample preparation container can be a
different apparatus. The sample preparation container can be mated or coupled to the PCR
reaction chamber, allowing transfer of fluid with minimum chance for contamination. After
the transfer, the two apparatus can be separated and then capped (see Figure 11).

[00162]  The reagents used for nucleic amplification and detection include such
components as primers, reporter probes (e.g., Tagman probe), as well as template, buffer,
polymerase, dANTPs, MgCl, etc. Some of these reagents, especially primers and probes, can
be pre-stored in the reaction chamber in the factory, prior to the shipment and field use of the
PCR apparatus. A preferred method of storing these components is to store them in a “freeze
dried” or lyophilized state. Pre-packaging reagent components in lyophilized form eases
storage and transportation. For example, lyophilized PCR reagents are known to be stable in
the 2-8°C range, whereas PCR reagents in liquid form typically require -20°C storage
temperature condition.

[00163] When the PCR apparatus is used for clinical diagnostics, the primers and reporter
probes are specifically designed for the target diseases. Multiple primer sets and probes may
be shipped with the device for separate dispensing into specific chambers of the device.

These application-specific chemicals may be pre-packaged within the device to avoid human
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error and mix up in the field. A preferred embodiment is to prepackage PCR primers, probes
in the reaction chambers of the cartridge prior to field use. Additionally, information about
specific chemicals may be entered and stored in the non-volatile memory of the device and
made accessible by the read-out instrumentation. Such information facilitates set-up and
initiation of the reaction as well as post-reaction data processing.

[00164] At the field, the operator may still need to control the addition of other
components to the reaction mix. Typically, these additional chemicals are generic (e.g.,
buffer, polymerase, dANTPs, MgCl,) and not specific for each chamber, or each device. The
chance of a mix-up will be minimal.

[00165] While the invention has been particularly shown and described with reference to a
preferred embodiment and various alternate embodiments, it will be understood by persons
skilled in the relevant art that various changes in form and details can be made therein

without departing from the spirit and scope of the invention.

[00166]  All references, issued patents and patent applications cited within the body of the

instant specification are hereby incorporated by reference in their entirety, for all purposes.

REFERENCES CITED

U.S.PATENT DOCUMENTS
4,683,195 A 7/1987 Mullis et al.
4,683,202 A 7/1987 Mullis

5,210,015 A 5/1993 Gelfand et. al.
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CLAIMS

What is claimed is:

1. An apparatus for amplification of a nucleic acid in a sample, the apparatus

comprising:

a semiconductor substrate;

a temperature sensor formed on the substrate, the temperature sensor configured to
detect the sample’s temperature and send temperature information to a
processor configured to provide heating and cooling instructions to heat and
cool the sample;

a light sensor formed on the substrate, the light sensor configured to measure light
emission from the sample; and

a biocompatible coating deposited over the substrate and components, the coating for
receiving the sample.

2. The apparatus of claim 1, further comprising a heating element formed on the
substrate, the heating element configured to heat the sample responsive to instructions

provided by the processor.

3. The apparatus of claim 1, further comprising a solid support wherein the

semiconductor substrate rests on the solid support.

4. The apparatus of claim 1, wherein the components comprise a complementary metal-

oxide-semiconductor circuit.

5. The apparatus of claim 1, further comprising a timer, wherein said timer measures

time and provides elapsed time information to the processor.

6. The apparatus of claim 1, wherein the coating is hydrophilic.

7. The apparatus of claim 6, wherein the hydrophilic coating comprises an epoxy
polymer.

8. The apparatus of claim 1, wherein the coating filters light wavelengths measured by

the light sensor.
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9. The apparatus of claim 8, wherein the coating comprises a member of the group
selected from zinc sulfide, Cryolite, glass, quartz, and a transparent polymer.

10.  The apparatus of claim 9, wherein said transparent polymer is selected from the group

consisting of polycarbonate and polypropylene.

11.  The apparatus of claim 1, further comprising reagents deposited on the coating, the

reagents for amplification of the nucleic acid.

12.  The apparatus of claim 1, wherein the coating is partitioned to receive one or more

samples with volumes between 0.1 ul to 200 ul.

13.  The apparatus of claim 1 or 12, further comprising one or more samples with volumes

between 0.1 ul to 200 ul.

14.  The apparatus of claim 1, wherein the heating element comprises a transistor, the
transistor enabled to change configuration responsive to instructions received from the

Proccessor.

15.  The apparatus of claim 1, wherein the heating element comprises a resistor, the
resistor enabled to change configuration responsive to instructions received from the

Proccessor.

16.  The apparatus of claim 1, further comprising a communications device configured to

communicate between the apparatus and at least one external device.

17.  The apparatus of claim 16, the external device further comprising:
a communications interface enabled to receive information from the apparatus;
a user interface element enabled to receive input from a user; and
a display.

18.  The apparatus of claim 16, wherein the external device houses a cooling device and
the communications device provides cooling instructions to the cooling device, the cooling

instructions provided by the processor.
19.  The apparatus of claim 18, wherein the cooling device comprises a fan.

20.  The apparatus of claim 18, wherein the cooling device comprises a solid state cooling

structure using a Peltier effect to cool the sample.

35



WO 2012/178210 PCT/US2012/044090

21.  The apparatus of claim 1, further comprising a memory device storing heating and
cooling instruction data, wherein the processor can access the data and provide heating and

cooling instructions to heat and cool the sample.

22.  The apparatus of claim 1, wherein the processor provides instructions to heat and cool

the sample sufficient for amplification of the nucleic acid in the sample.
23.  The apparatus of claim 22, wherein the instructions can be changed by a user.

24.  The apparatus of claim 1, wherein the processor provides heating and cooling
instructions responsive to the difference between temperature provided by the temperature

sensor and a desired temperature.

25.  The apparatus of claim 24, wherein the processor combines proportional, integral and
differential aspects of the temperature provided by the temperature sensor relative to the

desired temperature to generate instructions to provide to the heating element.

26.  The apparatus of claim 1, further comprising a noise reduction circuit enabled to
compare inputs from at least two light sensors to cancel out noise and enabled to receive
temperature information from the temperature sensor to calibrate the light sensor responsive

to the received temperature.

27.  The apparatus of claim 26, wherein the noise reduction circuit compares pixel
measurements from two or more time periods wherein operating conditions, including

temperature, are similar.

28.  The apparatus of claim 1, wherein the processor compares the temperature provided
by the temperature sensor to an actual temperature and calibrates the provided temperature to

the actual temperature, the calibration stored in the memory device.

29.  The apparatus of claim 28, wherein the calibration is calculated by applying a

correction factor between the actual temperature and the provided temperature.

30.  The apparatus of claim 1, further comprising a sample preparation chamber, wherein

said sample preparation chamber is connected to the apparatus by a tube or channel.

31.  The apparatus of claim 30, wherein said sample preparation chamber is detachable

from said apparatus.

32. A cartridge comprising the apparatus of claim 1, wherein the apparatus to be

contacted with sample is housed in a chamber within the cartridge.
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33.  The cartridge of claim 32, wherein the apparatus forms at least one planar surface of

the chamber.

34.  The cartridge of claim 32, wherein the chamber comprises a plurality of walls and
wherein at least one wall of the chamber is sufficiently transparent to allow excitation light to

act on a reagent in the cartridge.

35.  The cartridge of claim 32, wherein a source of said excitation light is located

perpendicularly to the normal axis of said apparatus.

36.  The cartridge of claim 32, wherein the chamber has an opening for receiving sample

and an opening for venting.

37.  The cartridge of claim 32 further comprising a communications controller coupled to
the processor configured to receive the light emission data and a communications interface to

send the data to an external device.

38.  The cartridge of claim 32, wherein said communications controller is a digital

communications controller.

39.  The cartridge of claim 32, the cartridge comprising a plurality of chambers, wherein
said plurality of chambers includes a first chamber including a first apparatus and a first
opening to receive a sample, and a second chamber including a second apparatus and a

second opening to receive a sample.

40.  The cartridge of claim 32, wherein said chamber comprises reagents for amplifying

nucleic acid.

41.  The cartridge of claim 39, wherein each chamber comprises reagents for amplifying

nucleic acid.

42. A cartridge for coupling with a nucleic acid amplification apparatus, wherein said
cartridge forms at least one reaction chamber when placed in contact with said nucleic acid
amplification apparatus, and wherein said cartridge comprises at least one pre-packaged
reagent for nucleic acid amplification within said at least one chamber, wherein said reagent
is selected from the group consisting of a primer for a polymerase chain reaction and a

nucleic acid probe.

43.  The cartridge of claim 42, wherein said reagent is freeze-dried or lyophilized.
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44.  The cartridge of claim 42 or 43, further comprising a freeze-dried or lyophilized
buffer, salt, or polymerase.

45. A method for amplification of a nucleic acid in a sample, the method comprising:

contacting the biocompatible coating of the apparatus of claim 1 with (i) a sample and
(i1) reagents for amplification of nucleic acid in the sample, wherein said
contacting forms a reaction mixture on the biocompatible coating of the

apparatus;

using the apparatus to perform a nucleic acid amplification reaction;

receiving results of the nucleic acid amplification reaction, the results including light
emission data measured by the apparatus.

46.  The method of claim 45, wherein said reagents comprise one or more magnetic beads,

wherein said one or more magnetic beads are covalently attached to nucleic acid probes.

47. The method of claim 46, wherein at least two distinct reaction mixtures are formed on

the surface of the apparatus.

48.  The method of claim 47, wherein said distinct reaction mixtures occur in separate

wells or chambers in the apparatus.

49.  The method of any of claims 45-48, further comprising applying a magnetic field to at
least a portion of the apparatus, wherein said magnetic field immobilizes said one or more

magnetic beads.

50.  The method of claim 45, wherein one or more nucleic acid probes are covalently
bonded to the surface of the apparatus, wherein the location of said one or more probes

corresponds with the location of a reaction mixture on the surface of the apparatus.

51. The method of claim 50, wherein at least two distinct reaction mixtures are formed on

the surface of the apparatus.

52. The method of claim 51, wherein said distinct reaction mixtures occur in separate

wells or chambers in the apparatus.

53.  The method of claim 49, wherein light sensor pixels on the apparatus are used to

specifically sense light emission from each reaction mixture.
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54.  The method of claim 52, wherein light sensor pixels on the apparatus are used to
specifically sense light emission from each reaction mixture.

55.  The method of claim 45, wherein said light emission data is selected from the group

consisting of fluorescent light emission data and chemi-luminescent light emission data.

56.  The method of claim 45, wherein said nucleic acid amplification reaction occurs in a
sealed chamber, wherein the biocompatible surface of said apparatus forms one wall of said

sealed chamber.

57.  The method of claim 56, wherein any openings in said chamber are sealed at during at

least part of said nucleic acid amplification step.

58.  The method of claim 57, wherein said openings are sealed by (i) a lid or cap, (ii) one

or more pressure activated valves, or (iii) an immiscible fluid.
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