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charge-coupled device (CCD) or complementary metal oxide semiconductor
(CMOS) maging chips, and high working numerical aperture (NA) optics
scans closely over a sample m one direction and then the opposite direction.
Averages or other combinations of mtensity readings for each pixel location
(X, y) between the two or more passes are averaged together i order to com-
pensate for luminescence that varies over time. On-chip pixel binning and
multiple clock frequencies can be used to maximize the signal to noise ratio
in a CCD-based scanner.
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LUMINESCENCE IMAGING SCANNER

COPYRIGHT NOTICE -
[0003] A portion of the disclosure of this patent document contains material which is
subject to copyright protection. The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document or the patent disclosure, as it appears 1n the

Patent and Trademark Office patent file or records, but otherwise reserves all copyright nghts

whatsoever.

BACKGROUND
[0004] 1. Field of the Invention

[0005]  Generally, this application refates to molecular biology and microbiology chemistry

processes and apparatuses including optical measuring or testing means. Certain

embodiments relate to devices, systems, and methods for imaging assays exhibiting

chemtluminescence or other luminescence.
[0006] 2. Background

(0007] Deiecting and identifying certain biomolecules can be important in studying
biological systems, such as plants and animals. Such systems may exhibit only small

amounts of a biomolecule, such as a protein, which in some instances may only be accurately
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measured by high-end, laboratory-grade equipment and processes. Many assay techniques

have been developed over the last decades for accurately acquiring such measurements.

[0008] A variety of assays use enhanced chemiluminescence (CL) to detect small quantities
of a biomolecule. Techniques using an Enzyme-linked Immunosorbent Assay (ELISA) or a

Western Blot are often used to detect low abundance proteins.

[0009] Chemiluminescence techniques differ from fluorescence in that no outside
excitation light 1s needed. Therefore, there 1s virtually no light emission from areas of the
assay where the chemiluminescence reaction 1s not happening, and thus there exists a very
low optical background. This 1s one of the primary reasons for the ability to detect low

amounts of optical emissions in CL assays.

[0010] Chemiluminescence emitted optical signals are typically characterized by: being 1)
weak and 2) non-constant over time. Weakness of the optical signals drives the need for high
signal-to-noise detection methods. The use of high-efficiency imaging optics and extremely
low noise detectors are taught 1n the art for measuring chemiluminescence. The non-constant
nature of light emission of typical chemiluminescence substrates naturally implies using
whole-image capturing methods. Such imaging allow for collecting equal amounts of light

from all emitting arcas of the assay at the same time and over long integration times.

[0011] In the past, one of the most common methods for capturing optical emissions from a
CL assay was the use of photographic film. One would expose a photographic film 1n close
proximity to a light-emitting Western Blot, for example. However, there are a number of
[imitations to using film. Oftentimes, film exhibits a non-linear response to impinging
photons and has limited dynamic range. There 1s also the need for careful handling of

undeveloped film and special dark-room facilities and chemicals to develop and process the

film.

[0012] Furthermore, there 1s often a need to digitally capture an 1image of the assay in order
to store 1t for future reference. To accomplish this, film users often capture an image of
developed film using a digital camera or a flat-bed scanner. This approach requires
additional imaging equipment, can be non-quantitative, and 1s prone to errors 1n 1image

capture and reproduction.

[0013] Directly imaging the optical emissions of a CL assay using a digital, Charge-
Coupled Device (CCD) camera can overcome many of the difficulties associated with using

photographic film. CCD cameras provide a linear response to impinging photons over a wide
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dynamic range, no chemicals are needed for developing, and digital data can be read directly
from the digital camera and casily stored for further analysis and quantification. Exposing a
high-quality, cryogenically-cooled CCD array to a Western Blot over a long period of time 1n
a very dark room has been taught in the art. A number of such CCD-based 1magers exist on
the market nowadays that achieve sensitivity that 1s comparable to film. An example of a

CCD-based imager is the LI-COR Odyssey" Fc imager. The CCD-based imagers have
deeply cooled chips that are highly sensitive to light.

[0014] Complementary Metal Oxide Semiconductor (CMOS) 1image sensors have been
developed 1n parallel with CCD sensors. Unlike those for CCDs, cach pixel in a CMOS
image sensor has 1ts own charge-to-voltage conversion components. This can result 1n lower
uniformity than CCD 1mage sensors. However, as lithographic and other manufacturing
processes improve, CMOS 1mage sensor uniformity has become less of an 1ssue. As the
technology improves, CMOS 1mage sensor arrays may be used in place of CCD 1mage sensor

arrays 1n many markets.

[0015] There exists a need 1n the art for a small, inexpensive, digital alternative to CL

imaging by film that attains the same or better sensitivity.

BRIEF SUMMARY
[0016] The present application 1s related to a compact, flat-bed scanner for capturing
images of very dim chemiluminescence or other luminescence from an assay without the
need for deeply cooled CCDs. Under a light-tight cover in an embodiment, a detector bar of
linecar CCDs and high working numerical aperture (NA) optics 18 swept 1n close proximity to
a sample exhibiting chemiluminescence 1n order to capture light. The detector bar 1s then
swept back 1n the opposite direction to capture more light. Because of the extremely low
light from chemiluminescence and commensurate dearth of photons for the CCD to pick up,
cach sweep or pass might take a few minutes. A final image 18 constructed by taking an
average of—or otherwise combining—the two (or more) pixel readings at each point from
the first and second passes so as to compensate for changing luminescence over the few

minutes that 1t takes for the scans. More passes can be used as well.

[0017] The detector bar can have staggered columns of low-cost, uncooled lincar CCD
integrated circuits (ICs). Multiple detector bars can be used to sweep across the sample,
which can shorten the scan time, minimizing the effect of the sample’s changing

luminescence over time. On-chip binning can combine multiple pixel readings together



10

15

20

25

30

CA 028b9%4°75 2014-06-16

WO 2013/089817 PCT/US2012/030979

before they are read off a CCD chip, and novel clocking mechanisms can facilitate clean data

collection. In some embodiments, the detector bar moves and the sample stays still, while 1n

other embodiments the opposite occurs.

[0018] Some embodiments of the present invention are related to a luminescence scanner
apparatus. The apparatus includes a sample bed configured to hold a luminescent sample
medium, a detector bar comprising one or more 1mage Sensor arrays, cach sensor array
having a plurality of pixel elements, the pixel elements of cach sensor array adapted to detect
photons simultancously with one another, the detector bar configured to move with respect to
the sample bed, a motor configured to move the detector bar with respect to the sample bed 1n
a first pass 1n a first direction and then move the detector bar with respect to the sample bed
in a second pass 1n a second direction opposite the first direction, a circuit adapted to
combine a pixel reading from a position in the first pass with a pixel reading from the
position in the second pass, and a circuit adapted to construct a two-dimensional 1image from

the combined pixel readings.

[0019] The embodiments can combine the pixel readings by averaging pixel readings at
cach location from the first and second (or more) passes. The one or more 1mage sensor
arrays can include linear CCD 1ntegrated circuits (ICs) staggered with respect to cach other

along the detector bar and so that they overlap longitudinally.

[0020] The embodiments can include a second detector bar comprising one or more 1mage
sensor arrays, the second detector bar configured to move with respect to the sample bed,
wherein the detector bars are configured to predominantly scan over different, non-
overlapping arcas of the sample bed, and a circuit configured to construct the two-
dimensional 1mage from pixel readings from both the detector bars. Minimal overlap may be

employed to facilitate 1image registration and reconstruction.

[0021] A gradient index (GRIN) lens array can be disposed between the sample bed and the
on¢ or more linear image sensor arrays, the GRIN lens array having a working numerical
aperture (NA) of greater-than-or-equal-to 0.10, 0.20, 0.25, or more. The GRIN lens array can
be disposed between 1 and 100 millimeters of a sample positioned by the sample bed.

[0022] Some embodiments are directed to a luminescence scanner apparatus. The
apparatus includes a sample bed configured to hold a luminescent sample medium, an
integrated circuit (IC) charge-coupled device (CCD) image sensor array having a plurality of
pixel elements, the pixel elements adapted to store photon-induced charges simultancously

with one another, the image sensor array configured to move with respect to the sample bed,

4



10

15

20

25

30

CA 028b9%4°75 2014-06-16

WO 2013/089817 PCT/US2012/030979

a motor configured to move the 1mage sensor array with respect to the sample bed, a circuit
adapted to sum multiple photo-charges from adjacent CCD pixel elements 1nto a readout
capacitor of the CCD 1mage sensor array, and a circuit adapted to read the summed photo-

charges from the readout capacitor and construct an image using the summed photo-charges.

[0023] The method apparatus can further include a circuit adapted to apply two or more
distinct CCD clock frequencies to an input of cach of the one or more integrated circuit CCD
Image sensor arrays, the mput adapted to shift photon-induced charges from the pixel

clements to an output of the integrated circuit CCD 1mage sensor array.

[0024] Some embodiments are directed to a luminescence scanner apparatus. The
apparatus includes a sample bed configured to hold a luminescent sample medium, an
integrated circuit (IC) charge-coupled device (CCD) image sensor array having a plurality of
pixel elements, the pixel elements adapted to store photon-induced charges simultancously
with one another, the 1mage sensor array configured to move with respect to the sample bed,
a motor configured to move the 1mage sensor array with respect to the sample bed, a circuit
adapted to apply two or more distinct CCD clock frequencies to an input, such as a pin, of the
integrated circuit CCD 1mage sensor array, the mnput adapted to shift photon-induced charges
from the pixel elements to an output of the integrated circuit CCD 1mage sensor array, and a
circuit adapted construct an 1mage from the output of the integrated circuit CCD 1mage sensor

array.

[0025] Some embodiments are directed to a method for acquiring an image of a
[uminescent medium. The method includes placing a luminescent medium within an
enclosure of a scanning device, moving an i1mage sensor array 1n a first direction with respect
to the luminescent medium 1n a first pass across the luminescent medium, the 1image sensor
array having a plurality of pixel elements adapted to detect photons simultancously with one
another, detecting luminescence using the pixel elements during the first pass, moving the
Image sensor array 1n a second direction with respect to the luminescent medium in a second
pass across the luminescent medium, the second direction being opposite the first direction,
combining a pixel reading from a position in the first pass with a pixel reading from the
position 1n the second pass, and constructing an 1image from the combined pixel readings

from the first and second passes

[0026] Some embodiments are directed to a method for acquiring an 1image from a
luminescent medium. The method can include fixing target biomolecules to a sample

medium 1n a spatial pattern, the pattern including information about an 1dentity of the target
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biomolecules, probing the target biomolecules with a primary probe biomolecule that has a
binding affinity for the target biomolecule, and probing the primary probe biomolecule with a
secondary probe biomolecule that has a binding affinity for the primary probe biomolecule,
the secondary probe biomolecule having enzymatic activity that triggers the generation of

5  detectable energy through a change 1n a substrate biomolecule, whereby the substrate
biomolecule 1s a substrate for the enzymatic activity of the secondary probe biomolecule.
The method further includes moving an 1mage sensor array across the sample medium 1n at
lecast one spatial dimension 1n a first pass, reading luminescence by the image sensor array
during the first pass, and constructing an image from the luminescence read by the 1image

10 sensor array.

[0027] The method can further include moving the image sensor array across the sample
medium 1n the at Ieast one spatial dimension 1n a second pass, reading luminescence by the
image sensor array during the second pass, combining luminescence readings taken at a
position from the first and second passes, and constructing the image from the combined

15  readings taken at the position from the first and second passes..

[0028] The embodiments can use various sample mediums, including membranes (¢.g.,

nylon or nitrocellulose), plates, glass or plastic surfaces, etc.

[0029] With reference to the remaining portions of the specification, including the
drawings and claims, one of ordinary skill in the art will realize other features and advantages
20  of the present invention. Further features and advantages of the present invention, as well as
the structure and operation of various embodiments of the present invention, are described in
detail below with respect to the accompanying drawings. In the drawings, like reference

numbers indicate 1dentical or functionally similar elements.

25 BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1A 1illustrates a compact imaging scanner 1n accordance with an embodiment.
[0031] FIG. 1B 1illustrates the scanner of FIG. 1A with 1ts Iid closed.

[0032] FIG. 2 1s an exploded 1illustration of a detector bar in accordance with an

embodiment.

30 [0033] FIG. 3 illustrates a top view of a sample bed with a single detector bar in accordance

with an embodiment.
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[0034] FIG. 4 1llustrates a top view of a sample bed with multiple detector bars 1n

accordance with an embodiment.
[0035] FIG. 5 1s a chemiluminescence plot with respect to time on multiple sweeps.

[0036] FIG. 6 1llustrates an elevation, cross-section view of high NA optics placement 1n

accordance with an embodiment.

[0037] FIG. 7 illustrates a top view of simplified lincar CCD array pixels 1n accordance

with an embodiment.
[0038] FIG. 8 1s a flowchart of a process 1n accordance with an embodiment.

[0039] FIG. 9 1s a flowchart of a process 1n accordance with an embodiment.

DETAILED DESCRIPTION
[0040] Presented herein 1s a novel imaging method and apparatus that achieves the
sensitivity of high-end CCD 1magers but with a significantly smaller size and without the
need for cooling. The imaging apparatus can therefore be produced and maintained at a

much lower cost than before.

[0041] In chemiluminescence imagers of the prior art, the choice of the CCD, its
packaging, and its electronics are often primarily driven by the need for low total noise. This
typically requires the use of high-end, scientific CCDs. These scientific CCDs are typically
small 1n s1ze, 1n the range of 1 centimeter (cm) x 1 cm. The size of a typical Western Blot 1s
on the order of 10 cm x 10 cm. Thus, low NA lenses and other imaging optics are needed to
project the sample area onto to the smaller CCD area at the appropriate focal lengths. Such
imaging requires a total optical path of hundreds of millimeters (mm), which results 1in a

physically large 1mager.

[0042] The larger the sample, the longer the working distance. The longer the working
distance, the lower the collection efficiency of the lenses. This causes the need to collect
light for a longer periods of time, and this 1n turn invariably requires even low-noise,
scientific CCDs to be cooled 1n order to keep internal dark (thermal) noise under control.
These conditions are among the reasons for the relatively high cost of CCD-based

chemiluminescence imagers of the prior art.

[0043] Terms
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[0044] A “Limit-of-Detection (LOD)” includes a smallest concentration of a sample that
can be reliably detected, producing a signal that 1s three times as large as the standard

deviation of the system noise level, or as otherwise known 1n the art.

[0045] An “image sensor array’ includes sensors of CCD, CMOS, and other technologies
that can detect light or other electromagnetic radiation contemporancously in multiple pixels,
its pixels arranged 1n a one-dimensional, two-dimensional, or other array, and as otherwise
known 1n the art. An image sensor array with pixels arranged 1n one-dimension (1.¢., a line)

can include a linear CCD or a linecar CMOS sensor, for example.

[0046] A “lincar CCD” includes a charge-coupled device that 1s substantially longer and
has more clements 1n one direction than another, orthogonal direction or as otherwise known
in the art. An example of a widely available linear CCD 1s a Toshiba CCD Linear Image
Sensor model TCD1205DG. It has 2,048 pixels, each pixel being 14 um long (along the
longitudinal length of the array, y-axis) and 200 um wide (along the lateral width of the array,

X-ax18s).

[0047] “Luminescence” includes an emission of light that 1s not due to incandescence or as
otherwise known 1n the art. Luminescence includes chemiluminescence, bioluminescence,
clectroluminescence, phosphorescence, and other emissions that do not require optical
illumination during 1maging. Chemiluminescence 1s due to a chemical reaction and 18 one of
the most common types of luminescence used to detect low abundance protemns.
Bioluminescence 1s stimulated naturally by a living organism. Electroluminescence 1s
clectrically induced light emission. Phosphorescence 1s induced by optical charge prior to

light emission.

[0048] A “luminescent sample medium” includes a medium adapted to support or contain a
luminescent sample or as otherwise known 1n the art. Such mediums include membranes,
such as nylon membranes or nitrocellulose membranes, which are typically used for Western
Blot assays. Such mediums can include wells, such as MICROTITER® microwell plates and
micro plates or other well plates of different shapes and sizes, which are typically used for

ELISA assays. Such mediums can also include flat surfaces such as glass, plastic, ctc.

[0049] “Deep cooling” includes active cooling below 10 degrees Celsius (°C), 0°C, or other

low temperatures including cryogenic and non-cryogenic temperatures.

[0050] “Binning” of pixels includes combining two or pixels into one effectively larger

pixel. For example, three 14 um-long pixels can be combined to create one effective pixel
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that 1s approximately 3 x 14 um = 42 um long. The larger the pixel, the more light 1t collects.
Larger pixels typically require more cooling for long (e.g., greater than 100 second)

exposures. “On-chip binning” 1s described below.

[0051] A “‘gradient-index (GRIN) lens” includes a lens that has a variable refractive index.
An example of a GRIN lens is Nippon Sheet Glass Ltd. Co. (NSG Group) SELFOC®
microlens array model SLA-20BG-138-570-2R, distributed in the U.S. by Go!Foton Corp. of
Somerset, New Jersey. SELFOC® microlenses are imaging lens rods. They are typically
much shorter in length and larger in diameter than light delivery fibers (e.g., fiber optic
cables). They often have properties that fiber guides do not have, such as radially varying
indexes of refraction. The model SLA-20BG microlens has a high NA that helps with light
collection, and 1t 1s short in length. It has two rows of 1:+1 imaging GRIN-rod lenses that are
6.89 mm-long, a working distance of 3.46 mm, and an effective line 1maging NA of
approximately 0.5 at a light wavelength of 570 nanometers (nm). The diameter of each SLA

lenses 1s approximately 1 mm.

[0052] A “sample bed” includes an area for accommodating a sample and as otherwise
known 1n the art. Examples of a sample bed include the areca immediately above a glass or
plastic plate that supports a sample while 1t 1s being scanned, the space that a microwell plate
or micro plate 1s configured to be slid into by tray slots or drawer bearings, or other sample

arcas as known 1n the art.
[0053] Technical advantages

[0054] There are several technical advantages of embodiments of the present invention
over the prior art. Scanning closely over a sample, instead of imaging the entire sample at
once through lenses, allows more light to be collected from dim luminescence. High NA
optics and large effective pixel sizes can be used to maximize the amount of photons
collected. For imaging a plate with wells that have some depth to them, scanning closely
over the sample provides an additional benefit in comparison to wide arca imagers. Arca
imagers are known to have a distortion artifact, known as parallax, which results from the
fact that the 1imaging optics looks at the wells from different angles. Scanning closely avoids
the parallax problem and produces 1images of all wells 1n the same manner with minimal

distortion.

[0055] Even when scanning very closely over a sample with an almost pertect
photoreceptor 1n a CCD, there are still too few photons from typical chemiluminescence to

scan quickly. It can take minutes to scan 10 cm and collect sufficient light. In this time,

9
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however, the intensity of chemiluminescence changes. A different baseline of photons would
be collected between the beginning and end of the scan, and a resulting 1image would be
incorrectly dimmer at one end than the other. For at least this reason, scanning over time
would not be an obvious choice for imaging chemiluminescence. Nevertheless, the inventors
have determined that a two pass scan (i.¢., scanning in on¢ direction and then scanning 1n the
other direction) and then averaging or otherwise combining points from the scans can

sufficiently compensate for the variability of typical chemiluminescence.

[0056] Regarding cooling of a CCD, what often complicates the design for a low light CCD
sensor 18 deep cooling. Deep cooling for CCDs can be at temperatures well below 0°C. In
order to achieve that kind of temperature without condensation, the CCD should be packaged
with a scaling mechanism. The sealing mechanism can drive up the cost and size of the
camera as well as add maintenance and ruggedness 1ssucs. For cameras or wide arca imagers
that need to collect light for greater than 100 seconds, virtually any CCD, astronomic,
scientific, or otherwise, needs to be cooled to well below 0°C 1n order to keep 1ts noise levels
within reason. However, the inventors have found that an uncooled CCD or CCD that 1s not
deeply cooled can be used 1n a practical, room temperature embodiment, keeping costs down

and maintenance simple.
[0057] Figures

[0058] FIGS. 1A-1B illustrate a compact imaging scanner in accordance with an
embodiment. Luminescence scanner apparatus 100 1s shaped like a flat-bed, paper
document-style scanner and includes lid 101, base 102, and sample bed 103. Sample bed 103
includes transparent glass or plastic as a support and 1s able to hold wet membranes. Two
imaging scanning bars, detector bar 104 and detector bar 105, are available for scanning.
Detector bar 104 1s parked off the upper side of the sample arca while detector bar 1035 1S

parked in the center of the sample area.

[0059] A tray system can be implemented in which a technician can slide or carefully drop
a tray 1nto place over the scanning arca. To minimize the distance and amount of glass or
plastic between the sensitive scan bars and the luminescent material, the plates can be
supported by bearing surfaces on the sides with no glass underneath. A well plate can be

suspended at just the right focal/working distance over the detector bar(s).

[0060] FIG. 2 1llustrates a detector bar in accordance with an embodiment. Detector bar
204 includes GRIN lenses 212, shown without conformal blocks that customarily surround

them, and lincar CCD 1mage sensors 213, packaged as integrated circuit (IC) chips. During
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assembly of a scanner, linear CCD 1mage sensors 213 are soldered into printed circuit board
(PCB) 214 and clectrically connected with other circuits through ribbon cable 218. The ICs
house CCD pixel elements 217 protected by glass window 216. The CCD pixel elements
include CCD photodiodes, a conductor matrix connected with a CCD transfer array, and

other elements as found in CCDs.

[0061] Guides 215 allow detector bar 204 to travel back and forth 1n a lateral, x direction in
order to scan a sample. Protective window 211 shields GRIN lenses 212 from wet

membranes and fixes the sample at a working, focal distance of the GRIN lenses.

[0062] Detector bar 204 includes multiple CCD 1mage sensor ICs 213. Multiple CCD
image sensors 213 are staggered 1n both directions so as to effectuate a longer, contiguous
line of 1maging that covers the desired total scan width. For example, four lincar CCD chips
that each 1image a 28.67 mm-long line can be staggered 27.5 mm along their lengths and 10
mm along the perpendicular direction to allow for scanning 4 x 27.5 = 110 mm wide. The
packaging of cach IC chip 1s invariably larger than its CCD photodiode sensing array. The
10 mm offset 1n the lateral direction allows for placing the line imagers so that their sensor

arrays have some overlap along the longitudinal direction.

[0063] Lincar CCD 1mage sensor ICs 213 are arranged 1n staggered fashion 221 with
respect to each other longitudinally along the detector bar. They overlap each other
longitudinally (in the y direction) by distance 220 so that an end of the line of pixels 217 from
on¢ chip are aligned with or slightly overlap the beginning of the line of pixels 217 from the
next chip. For a Toshiba TCD1205DG lincar CCD chip as currently specified, distance 220
should be at least 6.46 = 0.8 mm.

[0064] FIG. 3 1illustrates a top view of a sample bed with a single detector bar in accordance
with an embodiment. Single detector bar scan system 300 includes sample bed 303, detector
bar 304 (with the tops of GRIN lenses 312 shown 1n the figure), and stepper motor 324
coupled with detector bar 304 to move 1t accurately and precisely along the x direction.
Optional optical encoder 327 can be used to determine a precise position of the detector bar at

any point.

[0065] For a scan, detector bar 304 starts from end 325, moves while detecting pixels to
opposite end 326, and then moves while detecting pixels back to end 325. Movement (and
any stops between) from end 325 to end 326 can be referred to as a “first pass,” and

movement (and any stops between) from end 326 back to end 325 can be referred to as a
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“second pass.” A combination of a first and second pass can be referred to as a “contra-

directional scan.”

[0066] Dectecting of pixels during a pass can occur while the detector bar 1s actually in

motion or at miniature, stepped stops between subsequent motions during the pass.

[0067] At each particular (x, y) position during the first pass, an amount of light ay y 18
detected and stored. The total image from all the (x, y) positions from the first pass can be
stored as matrix A (e.g., a two-dimensional array). At each particular (x, y) position during
the second pass, an amount of light by, 1s detected and stored. The total image from all the
(X, y) positions from the second pass can be stored as matrix B. A final image can be
prepared by averaging cach point of the A matrix with each point of the B matrix, 1.e., C = (A
+ B )/ 2 m matrix notation. Averaging can be done after both images are fully taken or 1n

small steps as each second measurement 1s taken.

[0068] “Combining” each point from different passes can be accomplished through
averaging, summing (1.€., without division by the number of passes), or otherwise subjecting
to a function that depends on the readings from the point from the multiple passes.

Mathematically, an intensity I at each location (x, y) on passes 1 through N can be combined

combined __ f(IX,ypaSS 1 pass N).

in a generic functional relationship: I I

[0069] Combining can be accomplished 1n circuit 328. The circuit may be a dedicated
hardware or firmware circuit, or it can be a more general purpose memory and processor for
usc with other functions of the device. Circuit 328 1s programmed or otherwise adapted to
combine a pixel reading from a position in the first pass with a pixel reading from the
position 1n the second pass. Circuit 329, which can also be a general processing circuit
running software or a more specialized circuit, 1S programmed to construct a two-dimensional
image from the combined pixel readings. The output image can be 1n a format that can be

read by a personal computer or other computing device.

[0070] Multiple contra-directional scans can be performed 1n order to further refine the
image. That 1s, 4, 6, 8, or more passes can be used and their (X, y) pixels averaged or
otherwise combined. Images from later contra-directional scans can be weighted differently
than 1mages from previous contra-directional scans to statistically compensate for less
photons being collected later from samples that dim over time. An odd number of passes,
that 1s, 3, 5, 7, or more passes, can be used as well. For example 1n a 3-pass system, the 1"

and 3" passes can be averaged together, and then the average combined with the 2™ pass.
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[0071] FIG. 4 1llustrates a top view of a sample bed with multiple detector bars 1n

accordance with an embodiment.

[0072] Dual detector bar scan system 400 includes sample bed 403, detector bars 404 and
405, and stepper motor 424 coupled with line imagers 404 and 405 to move them accurately
and precisely along the x direction. Optical encoder 427, which can be encased 1in the motor,

can be used to determine precise positions of the line 1imagers at any point.

[0073] For a first pass, line imager 404 starts from end 425, moves while detecting pixels a
little past the middle of sample bed 403, and then moves while detecting pixels back to end
425. Similarly, line 1imager 405 starts from a little before the middle of sample bed 403,
moves while detecting pixels to end 426, and then moves while detecting pixels back to the

middle position from whence 1t came.

[0074] Both line 1imagers can be mechanically scanned together along the x-axis. To cover
a scan length of 10 ¢cm, the scanner can have the line 1imagers spaced 5 ¢cm apart and both
scanned 5 cm + 10 mm along the x-direction. The extra 10 mm can be to account for the x-
offset 1n the positioning of the line imagers. In this way, both scan heads cover a common 5

cm length.

[007S5] For a given exposure time per line read, the use of two scan heads instead of one
allows for scanning half the distance and therefore covers the same arca twice as fast as
would be achievable with a single scan head. Multiple scan bars for speed 1s not required for
document or book scanning or other externally 1lluminated scanning because one can control
and keep steady the amount of light that illuminates the target. For chemiluminescence and
other dim luminescence that changes over time, multiple scan bars can reduce errors resulting

from non-lincar dimming.

[0076] Faster imaging can be obtained by adding even more scan heads along the x-axis.
For example, 3, 4, 5, or more line imagers can scan a sample. CCDs on the imagers can be
calibrated with one another before or after a scan. Adding more CCDs along the y-axis

allows for scanning a wider scan area.

[0077] An alternative way to effectuate the scan 1s to move the sample instead of the scan
heads with respect to the inertial frame (1.¢., the ground). That 1s, a motor can move the
sample medium back and forth while the detector bar remains still. In other embodiments,

both the sample and the scan head can be moved opposite one another.
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[0078] FIG. 5 1s a chemiluminescence plot with respect to time on two sweeps. On first
mechanical pass 530 of the scanner from position 0 to position 10 (from 0 to 225 seconds),
the signal decreases over time. On second mechanical pass 531 of the scanner from position
10 back to position 0 (from 225 to 450 seconds), the signal decreases more over time.
Averaging the two passes together at each point in time—or more accurately, at each x
location—produces a relatively flat, horizontal average signal 532, which 1s more constant

than the individual signals.

[0079] A scan time on the order of a few minutes per pass 1s relatively short compared to
time course changes of many CL substrates used in the Western Blot chemiluminescence
market today. Chemiluminescence ramps up quickly upon 1nitiation (e.g., after probing with
a second biomolecule), ramping up to its maximum luminescence within about 10 minutes.
Luminescence intensity begins to fall off linearly for the next hour and continues to fade after

that.

[0080] It has been found that a 2, 3, 4, or 5 minute scan time 1s sufficiently short compared
to the rate of change of chemiluminescence mtensity. Even though there 18 some change
within such a window, the change 1s relatively linear. Averaging or summing two contra-
directional scans together can remove most of that change, and the result 1s predominantly
constant over the scan position as shown 1n the figure. Thus, quantification based on actual

concentration of the sample and not imager variation can be enabled.

[0081] An estimate of the residual error after contra-directional averaging can be
calculated. Assuming a constant emitted optical power Py from position 0 to position L along
a scan direction x and a slow varying change during each pass, the power levels for the first

pass P1(x) and second pass P»(x) can be represented by the functions:

(Eqn. 1) R(x)=Pl+alz))

(Eqn. 2) B(x)=B1+a(2=)

where a and b are constants based on the type of CL substrate involved and L 1s the total x-

direction length. The difference (error €) between the power levels and the average can be

derived as:

e+ W=+ O)] L
(Eqn. 3) £ = - =all-2"")

Q
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Given values of a = 0.05 and b = 0.5 (1.¢., a square root dependence), contra-directional
averaging reduces the error from 5% with no correction to less that 1.5%. The shorter the

scan time, the more linear the change, and the more accurate the correction.

[0082] FIG. 6 illustrates an elevation cross-section view of high NA optics placement 1n
accordance with an embodiment. Sample 640, such as a CL Western blot membrane, 18
placed on top of scan window 611. Emitted light emanating from various points 1s collected
by a GRIN lens array 612 and projected onto a linear CCD pixel elements 617. The latter 1s
scaled with a glass window 616. A light-tight enclosure surrounds system 600 to prevent

ambient light from entering inside of the scanner and fouling measurements.

[0083] The top surface of scan window 611 upon which membrane 640 rests 1s positioned
at distance 642 from GRIN lenses 612 to be at their front working distance. On the other side
of the lenses, the CCD pixel elements are positioned at distance 643 from GRIN lenses 612 to
be at their back working distance. It has been found that total working distance 641 can be

much smaller than whole-sample 1magers, which use low-NA lenses.

[0084] Wide pixel sizes (e.g., 200 um) can help with collecting more light efficiently. To
further increase light collection and obtain equal resolution 1n both directions, pixel charges

can be binned together.

[0085] FIG. 7 1s a top down view of CCD pixels 1n accordance with an embodiment.
Photo-charges collected by multiple adjacent CCD pixels 717a through 717¢ are binned
together 1n bin 744, and photo-charges collected by pixels 717d through 7171 are binned
together 1n bin 745.

[0086] For the Toshiba TCD1205DG (discussed above) having 14 um long and 200 um
wide pixels, binning 14 pixels in a row, that 18, binning by 14, results in an effective pixel
size of 14 x 14 um = 196 um, which 1s close to the 200 um width size of the pixels. The 196
um x 200 um effective pixel size 1s almost square. Other binning levels can be applied and
scan step sizes changed to produce higher or lower resolution scans. For example, binning by

7 and a scan step of 98 um results in scanning resolution of 98 um 1n both directions.

[0087] Doubling the etffective pixel size quadruples the amount of collected light and

reduces resolution by half. For CL Western Blots, where the bands are multiple millimeters

in s1ze, an embodiment with a resolution of 200 um produces reasonably good quality

1mages.
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[0088] With an embodiment, comparable LOD 1s achievable with exposures that are orders
of magnitude shorter than what 1s needed for wide-area imaging. For example, a 0.5 second
exposure time per line read gives a sitmilar LOD to what a commercial wide-arca CCD
Imager can give 1n a 2 minute exposure time. This short, 0.5 second exposure allows reading
multiple lines, through linear scanning, to obtain an 1image of the same area size 1n a

comparable total imaging time.
[0089] On-chip Binning

[0090] A typical lincar CCD has an array of imaging diodes arranged 1n a straight line.
When light falls on these diodes, each diode creates a photo-charge that 1s proportional to the
amount of light that lands on that photodiode. After an amount of time, referred to as the
exposure time, a signal, often called diode transfer, is used to transfer the photo-charges in
the photodiodes into a CCD transfer array. The CCD transfer array moves the individual
photo-charges towards one end of the CCD transfer array. The CCD transfer array moves the
photo-charges 1n steps. The CCD transfer array 1s usually controlled by at least one clock
signal and 1n many cases more than one clock signal. The number of clocks required 1s
determined by the design of the CCD involved. Typically the CCD transfer array will move
the photo-charges one step for each clock edge of the clock signals that drive the CCD

transfer array.

[0091] At the end of the CCD transfer array 1s a readout capacitor. As the CCD shifts
photo-charges along the CCD transfer array, they eventually reach and move into this readout
capacitor. As part of the readout process of the CCD, this capacitor 1s periodically pre-
charged. Usually this capacitor 1s pre-charged immediately before the CCD transfer array
shifts 1n a photo-charge from one photodiode. If the readout capacitor 1s pre-charged
immediately before a photo-charge 1s moved 1nto 1t, the change 1n voltage of the readout
capacitor 18 proportional to the amount of photo-charge injected 1nto 1t by the CCD transfer
array. The voltage of the readout capacitor 1s typically butfered by an amplifier on the CCD
IC and presented on an output pin. The voltage at the output pin 1s typically further
amplified, low pass filtered, and digitized by other electronics 1n an imaging system.
Normally, pixels are read out of the lincar CCD onge at a time. Therefore, electronics
normally read out the photodiode charges 1n alternating fashion, alternating between
precharging the readout capacitor, measuring and storing the pre-charge voltage, clocking the
CCD transfer array to move one photodiode charge into the readout capacitor, and then
reading the voltage present at the output pin of the lincar CCD array IC. At that point the

photodiode charge can be computed. The photo-charge 1s proportional to the change in
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voltage of the readout capacitor between its pre-charge voltage and voltage with photo-charge

injected.

[0092] Unfortunately the process of measuring the voltage of the readout capacitor 1s a
noisy process. There are various forms of electrical noise that add themselves into the

voltage that 1s measured. This noise can obscure the desired signal that 1s being read from the
readout capacitor. These noise sources that corrupt the voltage read from the readout

capacitor arc often referred to as “readout noise.”

[0093] A way to increase the signal-to-noise ratio in the presence of readout noise 18 to
perform a readout sequence that 1s referred to as “on-chip binning.” In on-chip binning, the
readout sequence of the CCD array 1s modified. In this modified sequence the readout
capacitor 1s pre-charged and then the CCD array 1s clocked so that the photo-charges from
multiple adjacent photodiodes are moved 1nto the readout capacitor. The change 1n voltage
of the readout capacitor, and hence the output pin, 1s proportional to the total photo-charge
moved 1nto the readout capacitor from multiple photodiodes. The spatial resolution of the
lincar 1maging system 1s reduced because photodiode charges from multiple pixels are
lumped together, but the signal to noise ratio 1s typically improved because the readout noise

remains relatively constant while the change 1n voltage typically increases.

[0094] On-chip binning can be accomplished by controlling the readout pins of a CCD.
The readout pins of a Toshiba TCD1205DG that should be controlled for on-chip binning
include Reset (RS), Boost (BT), Phase 1 (1), and Phase 2 (02). This can be done without a

significant increase in 1/t noise (i.¢., flicker noise).

[0095] Varniable CCD Clocking

[0096] An aspect of some embodiments 1s to vary the speed of the lincar CCD readout
clocks. This can improve the signal to noise ratio of the 1mage. As mentioned earlier there
are several sources of noise that corrupt the voltage presented by the output amplifier of the
lincar CCD array. Two of the noise sources are flicker noise, often called 1/f noise, and

white noise.

[0097] Many imaging CCD arrays implement a method for reducing flicker noise. The
method 1s to apply a fixed preset voltage to the readout capacitor of the CCD array. The
imaging system will sample and store the value of the preset voltage driven out of the output
pin of the imaging CCD array. After the preset voltage 1s measured, the imaging system will

manipulate the CCD signals to move some number of photo-charges in the CCD array 1nto
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the readout capacitor. After the photo-charges have been moved into the readout capacitor,
the 1maging system will sample the voltage presented at the output of the CCD IC. The
measured and stored preset voltage 1s subtracted from the photo-charge voltage. This

subtraction tends to remove the tlicker noise.

[0098] In order to provide the maximum reduction 1n flicker noise, 1t 1s advantageous to
sample the preset voltage and the photo-charge voltage as quickly together 1in time as
possible. If on-chip binning 1s used, then the binning should occur as quickly as possible in
order to cause the preset voltage and photo-charge voltages to be sampled closely together 1n
time. In order to achieve the maximum binning speed, the signals that cause the photo-
charges 1in the CCD array to move 1nto the readout capacitor should be operated at a high rate.
In many cases the high rate 1s the maximum recommended rate 1n the data sheet for the
imaging CCD array. Another benefit of the fast binning 1s the overall reduction 1n readout

time and therefore the total time for producing an 1image.

[0099] A second source of readout noise 1s white noise. White noise has a uniform noise
power over a wide range of frequencies. One method of reducing readout noise 1s to
clectronically low pass filter the output signal of the CCD array. By properly limiting the
bandwidth of the signal before 1t 1s sampled, much of the white noise can be rejected while
allowing most of the signal to be measured. This helps increase the signal to noise ratio.

Low pass filtering reduces the slew rate of the readout signal presented to the imaging system

from the CCD IC.

[0100] In order to accurately measure the preset voltage presented by the CCD, the CCD
should be operated to cause 1t to present its preset voltage at the output of the CCD, then the
preset voltage must be allowed to propagate though the low pass filter. After some amount of
time the preset voltage will have settled to very close to its final value. At this point 1n time,
the 1maging system will sample the preset voltage and store 1t to remove flicker noise later.
While the imaging system 1s waiting for the preset voltage level to settle at the output of the
white noise-removing low pass filter, 1t should cease clocking the photo-charges through the
CCD array. After sampling the preset voltage, the imaging system will clock the photo-
charges into the readout capacitor at a high rate to accomplish on-chip binning. After the
pixels have been binned, the imaging system will stop operating the clock signals for the
CCD array. The photo-charge voltage at the output of the CCD array will be allowed to
propagate through the white noise-removing low pass filter until the voltage settles to within
some desired percentage of 1ts final value. At this point the imaging system will sample the

photo-charge voltage.
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[0101] A method of binning implemented 1n some embodiments results 1n at least three
clocking rates of the CCD array. There 1s one rate 1n which the CCD clock signals are not
operated while the preset voltage settles and 1s then measured. There 1s a second rate 1n
which the CCD clock signals are operated at a high rate to achieve rapid on-chip binning.
And there 18 a third rate in which the CCD clocks are paused while the photo-charge voltage
of the binned photo-charges settles and 1s then measured. Multiple clock-out rates in
conjunction with pixel on-chip binning can maximize the signal to noise ratio of the resulting

Image.

[0102] FIG. 8 1s a flowchart of a process 1n accordance with an embodiment. In operation
801, a luminescent medium 1s placed within an enclosure of a scanning device. In operation
802, an 1mage sensor array 1S moved 1n a first direction with respect to the luminescent
medium 1n a first pass across the luminescent medium, the 1image sensor array having a
plurality of pixel elements adapted to detect photons simultancously with one another. In
operation 803, luminescence 18 detected using the pixel elements during the first pass. In
operation 804, the 1mage sensor array 18 moved 1n a second direction with respect to the
[uminescent medium 1n a second pass across the luminescent medium, the second direction
being opposite the first direction. In operation 8035, a pixel reading from a position in the first
pass 1s combined with a pixel reading from the position 1n the second pass. In operation 806,

an 1mage 18 constructed from the combined pixel readings from the first and second passes.

[0103] FIG. 9 1s a flowchart of a process 1n accordance with an embodiment. In operation
901, target biomolecules are fixed to a sample medium 1n a spatial pattern, the pattern
including information about an identity of the target biomolecules. In operation 902, the
target biomolecules are probed with a primary probe biomolecule that has a binding affinity
for the target molecule. In operation 903, the primary probe molecule 1s probed with a
secondary probe biomolecule that has a binding atfinity for the primary probe biomolecule,
the secondary probe biomolecule having enzymatic activity that triggers the generation of
detectable energy through a change 1n a substrate biomolecule, wherein the substrate
biomolecule 1s a substrate for the enzymatic activity of the secondary probe biomolecule. In
operation 904, one scans across the sample medium 1n at Ieast one spatial dimension with a
charge-coupled device (CCD) detector, the CCD detector scanning across the sample medium
at a fixed distance of between 1 millimeter and 100 millimeters from the sample medium. In
operation 9035, an 1mage sensor array 18 moved across the sample medium 1n at least on
spatial dimension 1n a first pass. In operation 906, luminescence 1s read by the image sensor

array during the first pass. In operation 907, the image sensor array 1s moved across the
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sample medium in the at least one spatial dimension in a sccond pass. In operation 908,
luminescence is read by the image sensor array during the second pass. In operation 909,
luminescence readings taken at a position from the first and second passes are combined. In
operation 910, an image 1s constructed from the combined readings taken at the position from
the first and sccond passes. In operation 911, the identity of the target biomolecules is

determined by correlating the detected detectable energy to the spatial pattern.

[0104] The scope of the claims should not be limited by particular embodiments
set forth herein, but should be construed in a manner consistent with the Specification as a

whole.
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CLAIMS:

3 A luminescence scanner apparatus for scanning a luminescent sample, the apparatus

comprising:
a sample bed;

a detector bar configured to move with respect to the sample bed, the detector bar
having one or more image sensor arrays, each image sensor array having a plurality of pixel

elements; and

a memory device and a processor operatively coupled with the detector bar, the

memory device having instructions for programming the processor to perform operations for:
moving the detector bar with respect to the sample bed in a first pass;

taking a first set of pixel readings over predetermined exposure times during the first

pass, each pixel reading of the first set occurring at a respective X, y position;

moving the detector bar with respect to the sample bed in a second pass, the second

pass being in an opposite direction from the first pass;

collecting a second set of pixel readings over predetermined exposure times during the

second pass, each pixel reading of the second set occurring at a respective X, y; and

summing, using the processor, respective X, v position pixel readings between the first

and sccond sets of pixel readings to construct an image.

2. The apparatus of claim | further comprising:

a luminescent sample on the sample bed, the luminescent sample having luminescence
that changes over time, the summing respective position pixel readings between the first and

second sets of pixel readings compensating for the changing luminescence of the luminescent

sample.
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3. The apparatus of claim 1 wherein the memory device has further instructions for:
averaging, using the summing, respective position pixel readings between the first and

second sets of pixel readings to construct the image.

4. The apparatus of claim 1 wherein the predetermined exposure times of the first and

second sets of pixel readings are 0.5 seconds.
5. The apparatus of claim 1 wherein the sample bed comprises a removable well plate.
6. The apparatus of claim 1 further comprising:

a gradient index (GRIN) lens array disposed between the sample bed and the one or
more image sensor arrays, the GRIN lens array having a working numerical aperture (NA) of

greater-than-or-equal-to 0.10,
wherein the GRIN lens array is configured to move with the detector bar.

7, The apparatus of claim 1 wherein the one or more image sensor arrays comprise a

charge-coupled device (CCD) image sensor array.

8. The apparatus of claim 7 wherein the CCD image sensor array 1s integrated within an

integrated circuit (IC), the apparatus furthet comptrising:

a circuit adapted to sum multiple photo-charges from adjacent CCD photodiodes into a

readout capacitor of the CCD 1mage sensor array,

thereby increasing a signal to noise ratio of the CCD 1mage sensor array.

9. The apparatus of claim 1 wherein the detector bar comprises a plurality of linear
image sensor array integrated circuits (ICs) staggered with respect to each other along the

detector bar.

10.  The apparatus of claim 1 further comprising:
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a second detector bar comprising one or more image sensor arrays, the second detector

bar configured to move with respect to the sample bed,

wherein the detector bars are configured to scan over different, non-overlapping areas

of the sample bed; and

the memory device has instructions for programming the processor to perform a

further operation for:
constructing the image from pixel readings from the detector bars.

11. The apparatus of claim 1 wherein the detector bar is configured to be moved and the

sample bed 1s configured to be physically stationary.

12.  The apparatus of claim 1 wherein the detector bar is configured to be physically

stationary and the sample bed is configured to be moved.

[3.  The apparatus of claim 1 wherein the memory and processor comprise a dedicated

hardware or firmware circuit,

14.  The apparatus of claim 1 wherein the memory and processor comprise a general

purpose processor.
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PLACE A LUMINESCENT MEDIUM WITHIN AN ENCLOSURE OF A
SCANNING DEVICE

801

MOVE AN IMAGE SENSOR ARRAY IN A FIRST DIRECTION WITH RESPECT 302
TO THE LUMINESCENT MEDIUM IN A FIRST PASS ACROSS THE
L UMINESCENT MEDIUM. THE IMAGE SENSOR ARRAY HAVING A
PLURALITY OF PIXEL ELEMENTS ADAPTED TO DETECT PHOTONS
SIMULTANEOUSLY WITH ONE ANOTHER

803

DETECT LUMINESCENCE USING THE PIXEL ELEMENTS DURING THE

FIRST PASS
304
MOVE THE IMAGE SENSOR ARRAY IN A SECOND DIRECTION WITH
RESPECT TO THE LUMINESCENT MEDIUM IN A SECOND PASS
ACROSS THE LUMINESCENT MEDIUM, THE SECOND DIRECTION
BEING OPPOSITE THE FIRST DIRECTION

805

COMBINE A PIXEL READING FROM A POSITION IN THE FIRST PASS

WITH A PIXEL READING FROM THE POSITION IN THE SECOND PASS
806

CONSTRUCT AN IMAGE FROM THE COMBINED PIXEL READINGS FROM
THE FIRST AND SECOND PASSES

FIG. 8
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0~ FIG. 9

FIX TARGET BIOMOLECULES TO A SAMPLE MEDIUM IN A SPATIAL
PATTERN, THE PATTERN INCLUDING INFORMATION ABOUT AN
IDENTITY OF THE TARGET BIOMOLECULES

PROBE THE TARGET BIOMOLECULES WITH A PRIMARY PROBE
BIOMOLECULE THAT HAS A BINDING AFFINITY FOR THE
TARGET BIOMOLECULE

PROBE THE PRIMARY PROBE BIOMOLECULE WITH A SECONDARY
PROBE BIOMOLECULE THAT HAS A BINDING AFFINITY FOR THE
PRIMARY PROBE BIOMOLECULE, THE SECONDARY PROBE

BIOMOLECULE HAVING ENZYMATIC ACTIVITY THAT TRIGGERS
THE GENERATION OF DETECTABLE ENERGY THROUGH A CHANGE
IN A SUBSTRATE BIOMOLECULE, WHEREIN THE SUBSTRATE
BIOMOLECULE IS A SUBSTRATE FOR THE ENZYMATIC ACTIVITY
OF THE SECONDARY PROBE BIOMOLECULE

SCAN ACROSS THE SAMPLE MEDIUM IN AT LEAST ONE SPATIAL
DIMENSION WITH A CHARGE-COUPLED DEVICE (CCD) DETECTOR,
THE CCD DETECTOR SCANNING ACROSS THE SAMPLE MEDIUM

AT AFIXED DISTANCE OF BETWEEN 1 MILLIMETER AND 100
MILLIMETERS FROM THE SAMPLE MEDIUM

MOVE AN IMAGE SENSOR ARRAY ACROSS THE SAMPLE MEDIUM
IN AT LEAST ONE SPATIAL DIMENSION IN A FIRST PASS

READ LUMINESCENCE BY THE IMAGE SENSOR ARRAY DURING THE
FIRST PASS

MOVE THE IMAGE SENSOR ARRAY ACROSS THE SAMPLE MEDIUM IN
THE AT LEAST ONE SPATIAL DIMENSION IN A SECOND PASS

READING LUMINESCENCE BY THE IMAGE SENSOR ARRAY DURING THE
SECOND PASS

COMBINE LUMINESCENCE READINGS TAKEN AT A POSITION FROM
THE FIRST AND SECOND PASSES

CONSTRUCT AN IMAGE FROM THE COMBINED READINGS TAKEN
AT THE POSITION FROM THE FIRST AND SECOND PASSES

DETERMINE THE IDENTITY OF THE TARGET BIOMOLECULES BY

CORRELATING THE DETECTED DETECTABLE ENERGY TO THE
SPATIAL PATTERN
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