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METHODS AND DEVICES FOR INCREASING DYNAMIC RANGE OF OPTICAL
SENSOR BASED SYSTEMS

Field of the Invention

[0001] The present disclosure is related to methods and devices for increasing the dynamic

range of optical sensor based measurement systems.

Background

[0002] Many measurement systems make use of optical sensors to measure various
phenomena. Some such systems may benefit from measurements made with a high dynamic

range to capture signals with intensities across multiple orders of magnitude.

[0003] Some example systems include assay systems and processes that make measurements
based on emitted light, such as electrochemiluminescence assays, chemiluminescence assays,
luminescence assays (e.g., fluorescence), and other light emitting assays. Accordingly, itis
desirable to provide systems and methods for measuring emitted light more accurately across

multiple orders of magnitude.

Summary

[0004] Theinventions disclosed in this document describe imaging and non-imaging methods
to extend the dynamic range of light detection systems with the use of two or more optical sensors

for concurrent measurement of emitted light signals.

[0005] Inan embodiment, a light signal, e.g., an emitted light signal or a generated light
signal, is split into two paths using an optical device such as a beam splitting device cube, or a
plate or pellicle beam splitting device. The beam splitting device directs a large fraction of the
light towards the detector that will be used for highly sensitive measurements at the low end of
the dynamic range. The remaining fraction of light is directed towards the detector that will be
used for measuring higher light levels. When low intensity signals are produced, a large fraction

of the small amount of light therefrom is directed to the detector set up for high sensitivity



WO 2023/164501 PCT/US2023/063057

measurements, permitting measurements at the low end of the dynamic range. When high
intensity signals are produced, a small fraction of the large amount of light is directed to the
detector set up for low sensitivity measurements, permitting measurements at the high end of the

dynamic range.

[0006] In an embodiment, an apparatus for conducting an assay based on an electrochemical
process is provided. The apparatus includes a first detector configured to capture data associated
with the electrochemical process; a second detector configured to capture data associated with
the electrochemical process; and a beam splitting device configured to split emitted light from
the electrochemical process into a first light beam directed at the first detector and a second light

beam directed at the second detector.

[0007] In an embodiment, the apparatus further comprises a housing and plate electrical

connector.

[0008] In an embodiment, the apparatus further comprises a voltage source or current source

configured to initiate the electrochemical process via the plate electrical connector.

[0009] In an embodiment, the beam splitting device is configured to transmit the first light
beam and to reflect the second light beam, and the beam splitting device is configured with a

transmission percentage of at least 90%, at least 95%, or at least 99%.

[0010] In an embodiment, the beam splitting device is configured to transmit the first light
beam and to reflect the second light beam, and the beam splitting device is configured with a

reflection percentage of at least 90%, at least 95%, or at least 99%.
[0011] In an embodiment, the one or more detectors includes a photo-detector.

[0012] In an embodiment, the photo-detector includes at least one of a CCD, CMOS device,
scientific CMOS device, EMCCD device, SiPM device, APD, and photodiode.

[0013] Inanembodiment, the first detector and the second detector are of a same device type,

the first detector is configured with a first set of settings to decrease read noise and increase low
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light sensitivity, and the second detector is configured with a second set of settings equal to the

first set of settings.

[0014] In an embodiment, the first set of settings include binning settings combining multiple

photo-detector pixels .

[0015] In an embodiment, a combined dynamic range of the first detector and the second
detector is at least a magnitude of 10x, at least 20x, or at least 100x greater than an individual

dynamic range of the first detector and the second detector.

[0016] In an embodiment, the first detector and the second detector are of a same device type,
the first detector is configured with first set of settings to decrease read noise and increase low
light sensitivity, and the second detector is configured with a second set of settings to increase

high-end dynamic range.

[0017] Inanembodiment, the second set of settings include finer binning settings than the first

set of settings to capture higher light levels.

[0018] In an embodiment, the first detector is a higher sensitivity device than the second

detector.

[0019] In an embodiment, the first detector is a first CCD or CMOS device and the second
detector is a second CCD or CMOS device.

[0020] In an embodiment, the first detector is a SiPM device and the second detector is an

imaging device.

[0021] In an embodiment, the first detector occupies a first portion of a single sensor and the

second detector occupies a second portion of the single sensor.
[0022] In an embodiment, the single sensor is an imaging sensor.

[0023] In an embodiment, a voltage source or current source configured to initiate the
electrochemical process via a plate electrical connector is configured to initiate individual

electrochemical processes in sequence to minimize optical crosstalk.
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[0024] In an embodiment, the beam splitting device includes at least one of a fiber optic
splitter, a beam splitting device cube, a plate beam splitting device, and a pellicle beam splitting

device.

[0025] Inanembodiment, the beam splitting device includes a fiber optic splitter, the apparatus
further comprising: light collection optics configured to receive the emitted light; a fiber connector
configured to interface with the light collection optics; a first fiber collimator configured to direct
the first light beam at the first detector; and a second fiber collimator configured to direct the

second light beam at the second detector.

[0026] Inan embodiment, the fiber optic splitter is configured to split the emitted light into the
first light beam and the second light beam.

[0027] Inan embodiment, the light collection optics include at least one of a GRIN lens, fiber

optic taper, discrete lens, combination of lenses, or Ball lens .

[0028] In an embodiment, the beam splitting device includes a 2x2 fiber optic coupler-splitter
with a split ratio, the apparatus further comprising: a reference light source, wherein the 2x2 fiber
optic coupler-splitter is configured to selectively direct reference light from the reference light
source or the emitted light from the electrochemical process to the first detector and the second

detector.
[0029] In an embodiment, the split ratio is selected from a 99:1 ratio and a 90:1 ratio.
[0030] Inan embodiment, the reference light source is configured for selective activation.

[0031] In an embodiment, a reference light source is included in the apparatus and the beam
splitting device is configured to split reference light emitted from the reference light source into a
first reference light beam directed at the first detector and a second reference light beam directed

at the second detector.
[0032] In an embodiment, the reference light source is configured for selective activation.

[0033] In an embodiment, at least one of the first detector and the second detector include a

S€nsor array.
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[0034] In an embodiment, the apparatus further includes one or more filters configured to

permit selected wavelengths of light through.

[0035] In an embodiment, an apparatus for conducting an assay based on a light-emitting
process is provided. The apparatus includes a first detector configured to capture data associated
with the emitted light; a second detector configured to capture data associated with the emitted
light; and a beam splitting device configured to split the emitted light into a first light beam directed

at the first detector and a second light beam directed at the second detector.
[0036] Inan embodiment, the emitted light is emitted from a luminescence-based assay.
[0037] Inanembodiment, the emitted light is emitted from a chemiluminescence-based assay.

[0038] In an embodiment, the emitted light is emitted from an electrochemiluminescence-

based assay.
[0039] In an embodiment, the emitted light is emitted from a fluorescence-based assay.

Brief Description of the Figures

[0040] FIG. 1 illustrates an example apparatus for increasing dynamic range of optical

measurements, consistent with embodiments hereof.

[0041] FIG. 2 illustrates an example apparatus for increasing dynamic range of optical

measurements, consistent with embodiments hereof.

[0042] FIG. 3 illustrates an example apparatus for increasing dynamic range of optical

measurements, consistent with embodiments hereof.

[0043] FIG. 4 illustrates an example apparatus for increasing dynamic range of optical

measurements, consistent with embodiments hereof.

Detailed Description of the Invention

[0044] The present disclosure provides systems, methods, and devices for extending dynamic

range in light based measurements. Light based measurement systems may include any systems



WO 2023/164501 PCT/US2023/063057

that make measurements (e.g., analytical measurements) based on the reception and/or detection
of light. Such light based measurements may be based on an intensity, photon count, location,
wavelength, or any other measurable property of light incident on a light-based measurement
device. In some particular examples, light based measurements may be made in assay systems,
including assay systems designed for electrochemiluminescence (ECL) assays and other light
emitting assays. In some assay measurements, typical optical measurement may span five (5) or
more logs (orders of magnitude). Although there exist different types of optical sensors with a
large dynamic range, there are often practical design considerations that limit the actual

achievable dynamic range.

[0045] For example, CCD imaging sensors are used in some instrumentation. CCD imaging
sensors produce measurements recorded as “counts” that represent the number of electrons
produced by the pixels upon being struck by photons. In examples, some CCD imaging sensors
used in instrumentation can be read out at a 1x1 pixel binning (each CCD pixel is read out
separately) to allow for measurements of signals over 10 million counts across the CCD imaging
sensor. Other CCD sensors may saturate at lower or higher intensity levels depending on the
pixel size, the capacity of the output shift registers, and the readout electronics. The read noise
of a CCD may decrease as the binning level is increased. For example, the read noise of a CCD
that is read out at 1x1 binning is typically greater than the read noise of the same CCD when read
out at 2x2 or 4x4 binning Thus, operating a CCD with fine 1x1 pixel binning may create a trade-

off between measurement of intense light signals and sensitivity to low light signals.

[0046] Conversely, CCD read noise can be significantly reduced by reading the sensor out at
4x4 binning (a 4x4 area of pixels is read out together), but this may approximately proportionally
reduce the high end detection ability to 1-3 million counts and lower the spatial resolution of the
CCD. In practice, such binning may create additional trade-offs. First, an ECL signal and analyte
concentration for saturated spots (e.g., producing intense light output) may be difficult to
accurately determine. Second, in some cases, it may become more difficult to accurately
compensate for optical crosstalk using robust, simple techniques when some of the pixels in the

image are saturated. More sophisticated numerical methods may be required.
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[0047]  Another problem faced by instrumentation designers is that many sensors that are
optimized for detecting low light levels may saturate at higher light levels or may have a non-
linear response with increasing light intensity. Restricting the design to the use of a single sensor
to simultaneously meet noise and dynamic range requirements may require further tradeoffs, for
example, requiring the use of more expensive cooled sensors to achieve the desired system
performance and/or restricting the use of sensors optimized for low light levels (because they

saturate at higher light levels).

[0048] Some approaches to increasing dynamic range with single sensor systems include the
following. In one approach, two or more exposures may be taken. For example, the information
in a first exposure may be used to determine the binning level to be used for a second exposure.
This approach includes compromises, especially when making multiple simultaneous
measurements. For example, the approach accepts a higher read noise on lower intensity spots
when they are imaged concurrently with a brighter spot. In another approach, implementation of
more sophisticated optical crosstalk correction algorithms that are less sensitive to saturated pixels

may be used.

[0049] The systems, methods, and devices discussed herein may be applicable to any system
that employs optical measurements or light detection and may benefit from a wider dynamic
measurement range. For illustrative purposes, specific devices and specific applications are
discussed below. For example, in embodiments discussed herein, a multi-sensor approach may be
employed in an assay apparatus to increase dynamic range. The scope of the embodiments

described herein, however, are not limited by the specific illustrative examples discussed.

[0050] FIG. 1 illustrates an assay apparatus configured for increasing dynamic range,
consistent with embodiments hereof. In embodiments, an assay apparatus 100 may include an
optical system 110, a housing 101, a plate electrical connector 103, a voltage or current source
104, and a computer system 105. The assay apparatus may further include any components, parts,
or devices appropriate for an assay system. The optical system 110 may include one or more
detectors 910 and 911 configured to make optical measurements. For example, the detectors 910
and 911 may include photo-detectors (e.g., cameras, photodiodes, efc.). The assay apparatus 100

is configured to conduct ECL assays by initiating electrochemical processes in a microplate 102
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and measuring or detecting the light emitted therefrom. The electrochemical processes may be
initiated via the plate electrical connector 103 excited by the voltage or current source 104. The

housing 101 may be, for example, a light-tight enclosure.

[0051] The emitted light 115 from the electrochemical process is received by the optical
system 110. The emitted light 115 may be, for example, generated or emitted by the
electrochemical process. The optical system 110 includes one or more optical devices 111, which
may include, as appropriate, lenses, objective lenses, light guides, fiber optic tapers, imaging
optics, etc. The optical system 110 further includes a beam splitting device 112 configured to split
the emitted light 115 from the electrochemical process into a first light beam 113 directed at the
first detector 910 and a second light beam 114 directed at the second detector 911. The first
detector 910 and the second detector 911 are each configured to capture data associated with the
electrochemical process, such as amounts and locations of light emitted therefrom. The first
detector 910 and the second detector 911 are further configured to communicate with the computer

system 105 of the assay apparatus to transmit data, receive settings, etc.

[0052] In an embodiment, the optical system is configured to split the emitted light 115 from
the electrochemical process into two light beams with a fixed or known splitting ratio and to direct

each light beam to a separate detector to extend dynamic range and reduce noise.

[00563] The emitted light 115 from the electrochemical process may be split using a beam
splitting device 112, such as a non-polarizing beam splitting device cube or other type of beam
splitting device such as a plate beam splitting device. The beam splitting device may have a fixed
transmission ratio %T/%R, where %T is the percentage of incident light transmitted by the beam
splitting device and %R is the percentage of incident light reflected by the beam splitting device.
The transmitted light 113 is directed (e.g., via optical device 111) onto the first detector 910 and
the reflected light 114 is directed onto the second detector 911 as shown in FIG. 1.

[0054] The system illustrated in FIG. 1 has a simplified optical setup to illustrate embodiments
herein concisely. In practice, there are many ways to design the optics of this system to optimize
system performance and meet system specifications such as size, light collection efficiency, image
area, sensor area, telecentricity, etc. Such further designs remain within the scope of this

disclosure.
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[0055] In embodiments, the beam splitting device 112 is configured to transmit the first light
beam 113 and to reflect the second light beam 114. In examples, the beam splitting device 112
may be configured with a transmission percentage (%T) of at least 90%, at least 95%, or at least
99%. These %s are provided by way of example only, and systems consistent with this disclosure
are not limited to the numbers provided. In these examples, the first detector 910 receives at least
90%, at least 95%, or at least 99% of the total light emitted. The remaining percentage of incident
light is directed to second detector 911. Due to light loss from reflections, absorptions, dispersion,
etc., the total amount of light received by the first detector 910 and the second detector 911 may
be less than 100% of the total emitted light 115. Thus, the optical system 110 may be configured
such that the first detector 910 is used to perform low light level detection and the second detector
911 is used to measure high light levels. Thus, when a low light signal is emitted from the
electrochemical process, the first detector 910 receives a large percentage of the low light signal
and is therefore able to accurately measure the low light signal. The second detector 911 may
receive a small percentage of the low light signal and its measurement results may be disregarded.
When a high intensity light signal is emitted from the electrochemical process, the second detector
911 receives a small percentage of the high intensity light signal and is therefore able to accurately
measure the high intensity light signal by only receiving a small portion. In the case of a high
intensity light signal, the first detector 910, which receives a large percentage of the signal, may
saturate and its results may be disregarded. Because the transmission ratio of the beam splitting
device 112 is known, the computer systems 105 are able to accurately make a measurement of the
electrochemical process based on the known percentage of light received by each of the first

detector 910 and the second detector 911.

[0056] The amount of light incident on the first detector 910 will be nominally 100-%T less
than the light incident on a conventional single detector analyzer. The potential resulting loss in
sensitivity may be compensated for by choice of sensor/sensor technology, the use of higher levels
of binning (with CCD sensors) to reduce electronic noise, and other means. Minimal to zero

measurable loss in system sensitivity is anticipated if %T is selected to be 99% or higher.

[0057] In a further embodiment, the beam splitting device 112 is configured to transmit the
first light beam and to reflect the second light beam with a reflection percentage (%R) of at least

90%, at least 95%, or at least 99%. In other embodiments, the %T and %R values may be equal

9
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(e.g., 50% %T and 50% %R) or approximately equal (e.g., within 1%-3% of each other). These
%s are provided by way of example only, and systems consistent with this disclosure are not
limited to the numbers provided. This the system may be configured such that the second detector
911 is used to perform low light level detection and the first detector 910 is used to measure high
light levels. In such a configuration, the second detector 911 receives at least 90%, at least 95%,
or at least 99% of the total light emitted. The remaining percentage of incident light is directed to
first detector 910. Due to light loss from reflections, absorptions, dispersion, etc., the total amount
of light received by the first detector 910 and the second detector 911 may be less than 100% of
the total emitted light 115.

[0058] In embodiments, the transmission and/or reflection percentages of the beam splitting
device 112 may differ from the values provided above. In embodiments, the beam splitting device
112 may have a transmission or reflection percentage of 50% or greater. Selection of different
transmission or reflection percentages may be coupled with configuration or selection of the first
detector 910 and the second detector 911 accordingly while remaining within the scope of the
embodiments discussed herein. For example, a 50/50 split from the beam splitting device 112 may
be employed to increase the dynamic range of the system as a whole according to appropriate

selection of detectors and their configurations, in a fashion similar to that discussed below.

[0059] Additionally, in embodiments, one or more filters may be used to diminish, reduce, or
otherwise alter the amount of light incident on either the first detector 910 or the second detector
911. For example, a filter may be used in line with the detector that is used for detecting high light
levels. For example, this may further reduce the chances for saturation. In embodiments, such
filters may have a fixed or variable transmission %. In embodiments, multiple fixed transmission
% filters may be mechanically swappable in line with the first detector 910 or the second detector
911. In an example, such filters may be mounted to a wheel or other rotary device configured to
rotate successive filters into appropriate position. In embodiments, filters in line with the first

detector 910 or the second detector 911 may be used for polarization purposes.

[0060] In further embodiments, beam splitting device 112 may include multiple beam splitting
devices 112. For example, a plurality of mechanically interchangeable beam splitting devices 112

may be used to alter the splitting ratio between a respective plurality of known splitting %s. In an

10
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example, such beam splitting devices 112 may be mounted to a wheel or other rotary device
configured to rotate successive beam splitting devices 112 into appropriate position. In still further
embodiments, the beam splitting device 112 may be configured to split the emitted light 115 into
more than two light beams. For example, the beam splitting device 112 may be arranged with
other appropriate optical components to split the emitted light 115 into three or more light beams

according to wavelength. For example, such may be used for flow cytometry purposes.

[0061]  All further discussion refers to a configuration in which the first detector 910 is used to
perform low light level detection and a beam splitting device 112 is used to split the emitted light
into a first light beam 113 and a second light beam 114. It will be noted that each of the following
variations may also be applied or adapted to the configuration in which the second detector 911,
receiving the reflected light, is used to perform low light level detection, or any of the additional

beam splitting configurations discussed above.

[0062] In embodiments, the first detector 910 and the second detector 911 may be photo-
detectors and may be selected from a variety of imaging and non-imaging optical sensors including
CCD, CMOS, scientitfic CMOS, EMCCD, SiPM, APDs, photodiodes, and others. In
embodiments, the first detector 910 and/or the second detector 911 may each include a sensor

array.

[0063] Inembodiments, the first detector 910 and/or the second detector 911 may be a 2-FLayer
transistor pixel stacked CMOS image sensor. In a 2-Layer transistor pixel stacked CMOS image
sensot, photodiodes and pixel transistors may be provided in two layers rather than on a same layer
as in conventional stacked CMOS image sensor designs. Such a two layer arrangement may permit
larger photodiodes, providing a higher saturation level, as well as larger transistors, providing
reduced noise. Thus, 2-Layer transistor pixel stacked CMOS image sensors may be used to
increase dynamic range and reduce noise. These benefits may be amplified when such Z-layer
transistor pixel stacked CMOS image sensors are used in the systems described herein. In
embodiments, the first detector 910 and the second detector 920 may be formed from a single 2-
layer transistor pixel stacked CMOS image sensor, wherein the first detector 910 and the second
detector 920 occupy different portions of surface of the image sensor, as explained in greater detail

below.

11
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[0064] In an embodiment, the first detector 910 and the second detector 911 are of a same
device type, such as a CCD based imaging sensor. The first detector 910 is configured with a first
set of settings to decrease read noise and increase low light sensitivity, and the second detector
911 is configured with a second set of settings equal to the first set of settings. In such an
embodiment, the dynamic range of the optical system 110 (or the combined dynamic range of the
first detector 910 and the second detector 911) is increased 10x, 20x, 100x (e.g., for %T/%R
percentages of 90%, 95%, 99% of the splitter) relative to what would be achievable by a single
detector with the same settings. Different %T/%R percentages may yield different dynamic range
increases. The dynamic range may be further increased by changes to the settings or configuration
of the first detector 910 and the second detector 911. Settings to decrease read noise and increase
light sensitivity may include using a coarser binning, e.g., 2x2, 3x3, 4x4, etc., that combine
multiple pixels. Different types of optical sensors other than CCD based imaging sensors may
also be used in this embodiment, with settings configured appropriately according to the device

type selected.

[0065]  Alternatively, when the first detector 910 and the second detector 911 are of a same
device type, they may be configured with different settings. For example, the first detector 910
may be configured with a first set of settings to decrease read noise and increase low light
sensitivity (e.g., by using a coarser binning) and the second detector 911 may be configured with
settings to increase high-end dynamic range (e.g., by using a finer binning, such as 1x1). In such
an embodiment, the second detector 911 is configured to measure higher levels than the first
detector 910 and thus may extend the high end of the dynamic range further than the configuration

wherein the first detector 910 and the second detector 911 have the same settings.

[0066] Forexample, consider a 90% split is used for the beam splitting device 112. If 90% of
the emitted light 115 is incident on a CCD sensor at 4x4 binning for the first detector 910, a
dynamic range may span 10 counts to 1 million counts. The remaining 10% (or less, due to, e.g.,
light loss) of the emitted light 115 may be incident on a CCD sensor at 1x1 binning for the second
detector 911 (having a range of 1000 to 10 million counts). This permits a full dynamic range of
11 counts (low end of the first detector 910 times 1.1x ) to 100 million counts (high end of second

detector 911 times 10x). The multipliers 1.1x and 10x are derived from the light splitting

12
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percentages and are used to compensate for the fact that each detector 910/911 receives less than

100% of the light signal. 1.1x is approximately equal to 1/90% and 10x is equal to 1/10%.

[0067] In another example, consider a 95% split is used for the beam splitting device 112. If
95% of the emitted light 115 is incident on a CCD sensor at 4x4 binning for the first detector 910,
a dynamic range may span 10 counts to 1 million counts. The remaining 5% (or less, due to, e.g.,
light loss) of the emitted light 115 may be incident on a CCD sensor at 1x1 binning for the second
detector 911 (having a range of 1000 to 10 million counts). This permits a full dynamic range of
11 counts (low end of the first detector 910 times 1.05x and rounded up to nearest integer) to 200

million counts (high end of second detector 911 times 20x).

[0068] In another example, consider a 99% split is used for the beam splitting device 112. If
90% of the emitted light 115 is incident on a CCD sensor at 4x4 binning for the first detector 910,
a dynamic range may span 10 counts to 1 million counts. The remaining 1% (or less, due to, e.g.,
light loss) of the emitted light 115 may be incident on a CCD sensor at 1x1 binning for the second
detector 911 (having a range of 1000 to 10 million counts). This permits a full dynamic range of
11 counts (low end of the first detector 910 1.01x and rounded up to nearest integer) to 1 billion

counts (high end of second detector 911 times 100x).

[0069] Inanother embodiment, the first detector 910 and second detector 911 may be different
device types. The first detector 910 may be a high sensitivity device (higher sensitivity than the
second detector 911) while the second detector 911 is a low sensitivity device (lower sensitivity
than the first detector 910). Sensitivity refers to how much device measurement output varies
according to signal input. When receiving signals of a similar input range, higher sensitivity
devices exhibit a wider output range. This may permit higher sensitivity devices to provide more
precise measurements and may permit lower sensitivity devices to provide measurements over a
broader signal input range. For example, the first detector 910 may be a high performance
CCD/CMOS camera and the second detector 911 may be a lower cost CCD/CMOS sensor.
Because the light levels detected by the second detector 911 are higher, the need for cooling to
reduce noise levels may be significantly reduced or even eliminated completely because higher

dark current levels (noise), associated with higher temperatures, are overwhelmed by the higher
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light levels (signal). Eliminating a cooling system in such a system may result in a simpler and

less expensive system.

[0070] Inanother variation, the first detector 910 may be a non-imaging sensor, such as a SiPM
or photodiode while the second detector 911 is an imaging based sensor such as a CCD/CMOS
camera. Such a variation may be implemented with a low cost CCD/CMOS camera and non-
imaging optics may be simpler and less expensive to implement, resulting in a lower cost and
simpler system. In a still further variation, both the first detector 910 and the second detector 911
may be non-imaging sensors, such as SiPMs or photodiodes, with appropriate selection of beam

splitting device 112 ratios and detector characteristics.

[0071] Instill another variation, a single imaging sensor may be used for both the first detector
910 and the second detector 911. In such an embodiment, the first detector 910 may occupy a first
portion of the imaging sensor and the second detector 911 may occupy a second portion of the
imaging sensor. For example, the 90% (or 95%, 99%, etc.) signal could be directed onto one half
of the sensor and the 10% (or 5%, 1%, etc.) signal directed onto the other half. Other proportions

of the imaging sensor may also be used.

[0072] When such a sensor is used in an ECL assay, optical crosstalk may be reduced where
the voltage source or current source configured to initiate the electrochemical process via the plate
electrical connector is configured to initiate individual electrochemical processes in sequence
rather than simultaneously. Additionally, simpler methods of optical crosstalk correction may be
applied because strongly emitting electrochemical processes (that may have saturated the sensor
in a conventional single sensor system) may be more accurately measured. For example, when
using with multi-well and/or multi-spot assay plates, individually exciting the multiple wells or
spots may be performed. Multi-well and multi-spot assay plates permitting such sequential
activation/initiation are described, for example, in U.S. Application No. 17/887,191, filed August

12, 2022, the contents of which are hereby incorporated by reference.

[0073] Inembodiments, optical systems 110including at least one imaging sensor may provide
advantages over optical systems 110 include no imaging sensors. For example, the imaging sensor
may be used to obtain additional diagnostic information that would otherwise not be available with

a non-imaging detector. For example, the imaging sensor could also be used to verify proper
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registration of plates, such as, e.g., microtiter plates or other reaction vessels during loading and

positioning and support optional additional sensing modalities.

[0074] The assay apparatus 100 having the optical system 110, as described above, may
provide several advantages over conventional systems. First, as discussed above, the dynamic
range may be extended with fewer tradeoffs with respect to signal to noise ratio. Second, because
the optical system 110 is arranged for simultaneous detection of low and high light levels, dual
excitation methods requiring multiple pulses may eliminated, thus decreasing assay read times.
Further, in some embodiments, as discussed above, lower cost sensors and/or optics may be

employed, thus reducing the cost of the system.

[0075] FIG. 2 illustrates an assay apparatus configured for increasing dynamic range,
consistent with embodiments hereof. In embodiments, an assay apparatus 200 may include an
optical system 210, a housing 101, a plate electrical connector 103, a voltage or current source
104, and a computer system 105. The assay apparatus may further include any components, parts,
or devices appropriate for an assay system. The optical system 210 may include one or more
detectors 910 and 911 configured to make optical measurements. The assay apparatus 200 is
configured to conduct ECL assays by initiating electrochemical processes in a microplate 102 and
measuring or detecting the light emitted therefrom. The electrochemical processes may be initiated
via the plate electrical connector 103 excited by the voltage or current source 104. The housing

101 may be, for example, a light-tight enclosure.

[0076] The emitted light from the electrochemical process is received by the optical system
210. The optical system 210 includes light collection optics 211, such as a GRIN or Ball lens or
any appropriate optics that transfers the emitted light to the source fiber optic cable 220. The
optical system 210 further includes a beam splitting device 212 configured to split emitted light
carried by a source fiber optic cable 220 from the electrochemical process into a first light beam
carried by a first fiber optic cable 213 directed at the first detector 910 and a second light beam
carried by a second fiber optic cable 214 directed at the second detector 911. The first detector
910 and the second detector 911 are each configured to capture data associated with the

electrochemical process, such as light emitted therefrom. The first detector 910 and the second
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detector 911 are further configured to communicate with the computer system 105 of the assay

apparatus to transmit data, receive settings, etc.

[0077] In the optical system 210, the beam splitting device 212 may include a fiber optic
splitter configured to split the light emitted from the electrochemical process into a first light beam
carried by a first fiber optic cable 213 and a second light beam carried by a second fiber optic cable
214. The fiber optic splitter may be configured to direct at least 90%, at least 95%, or at least 99%
of the received light to the first detector 910. As discussed above with respect to beam splitting
device 112, these values are illustrative only and any value of 50% or more may be used. First
and second fiber collimators 215 may be used at the terminations of the fiber optic cables 213/214

to direct the light beams to the appropriate detectors 910/911.

[0078] In embodiments that include a fiber optic splitter as the beam splitting device 212, the
arrangement, make-up, and configuration of first detector 910 and second detector 911 may

include all of the variations discussed above with respect to FIG. 1 and the optical system 110.

[0079] FIG. 3 illustrates an assay apparatus configured for increasing dynamic range,
consistent with embodiments hereof. In embodiments, an assay apparatus 300 may include an
optical system 310, a housing 101, a plate electrical connector 103, a voltage or current source
104, and a computer system 105. The assay apparatus may further include any components, parts,
or devices appropriate for an assay system. The optical system 310 may include one or more
detectors 910 and 911 configured to make optical measurements. The assay apparatus 300 is
configured to conduct ECL assays by initiating electrochemical processes in a microplate 102 and
measuring or detecting the light emitted therefrom. The electrochemical processes may be initiated
via the plate electrical connector 103 excited by the voltage or current source 104. The housing

101 may be, for example, a light-tight enclosure.

[0080] The emitted light from the electrochemical process is received by the optical system
310. The optical system 310 includes light collection optics 211, such as a GRIN or Ball lens or
any appropriate optics that transfers the emitted light to the source fiber optic cable 220. The
optical system 310 further includes a beam splitting device 312 configured to split emitted light
carried by a source fiber optic cable 220 from the electrochemical process or reference light

emitted from a reference light source 311 into a first light beam carried by a first fiber optic cable
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213 directed at the first detector 910 and a second light beam carried by a second fiber optic cable
214 directed at the second detector 911. The first detector 910 and the second detector 911 are
each configured to capture data associated with the electrochemical process and/or the reference
light source 311, such as light emitted therefrom. The first detector 910 and the second detector
911 are further configured to communicate with the computer system 105 of the assay apparatus

to transmit data, receive settings, etc.

[0081] In the optical system 310, the beam splitting device 312 may include a fiber optic
coupler-splitter configured to split emitted light carried by a source fiber optic cable 220 from the
electrochemical process into a first light beam carried by a first fiber optic cable 213 and a second
light beam carried by a second fiber optic cable 214. In this specific embodiment, a 2x2 fiber optic
coupler-splitter is employed, although other splitters could be employed as well (e.g., a 3x3 splitter,
4x4 splitter, etc.). Fiber optic coupler-splitters employing other various input and/or output
configurations may also be employed as appropriate. The fiber optic-coupler splitter may be
configured to direct at least 90%, at least 95%, or at least 99% of the received light to the first
detector 910. As discussed above with respect to beam splitting devices 112 and 212, these values

are illustrative only and any value of 50% or more may be used.

[0082] The beam splitting device 312 may also split reference light emitted from a reference
light source 311 through the first fiber optic cable 213 and through the second fiber optic cable
214. The reference light source 311 may be configured to emit light at a specified, predetermined
or known intensity and wavelength range. First and second fiber collimators 215 may be used at
the terminations of the fiber optic cables 213/214 to direct the light beams to the appropriate
detectors 910/911. The reference light source 311 may be turned on (e.g., selectively activated),
for example, for a brief period of time (e.g., a pulse) prior to an analytical measurement (e.g.,
capture of emitted light) and may be used to normalize the output of the first detector 910 and the
second detector 911 and correct for gain variation and drift. Specifically, if the gain of either the
first detector 910 or the second detector 911 has varied from an expected value, e.g., due to the
temperature related changes or drift, a comparison with an expected output from the reference light
source 311 may be used to correct and/or re-normalize the readings/output from the first detector
910 and the second detector 911. When the reference light source 311 is illuminated, the larger

fraction of its output is directed to the second detector 911 and the smaller fraction to the first
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detector 910. Conversely, when the light from the electrochemical process is directed through the
fiber optic coupler-splitter, the larger fraction of light is directed to the first detector 910 and the

smaller fraction to the second detector 911.

[0083] In embodiments that include a fiber optic coupler-splitter as the beam splitting device
312, the arrangement, make-up, and configuration of first detector 910 and second detector 911
may include all of the variations discussed above with respect to FIG. 1 and the optical system

110.

[0084] FIG. 4 illustrates an assay apparatus configured for increasing dynamic range,
consistent with embodiments hereof. In embodiments, an assay apparatus 400 may include an
optical system 410, a housing 101, a plate electrical connector 103, a voltage or current source
104, and a computer system 105. The assay apparatus 400 may further include any components,
parts, or devices appropriate for an assay system. The optical system 410 may include one or more
detectors 910 and 911 configured to make optical measurements. The assay apparatus 400 is
configured to conduct ECL assays by initiating electrochemical processes in a microplate 102 and
measuring or detecting the light emitted therefrom. The electrochemical processes may be initiated
via the plate electrical connector 103 excited by the voltage or current source 104. The housing

101 may be, for example, a light-tight enclosure.

[0085] The light emitted from the electrochemical process is received by the optical system
410. The optical system 410 includes one or more optical devices 111, which may include, as
appropriate, objective lenses, imaging optics, etc. The optical system 410 further includes a beam
splitting device 112 configured to split light emitted from the electrochemical process into a first
light beam 113 directed at the first detector 910 and a second light beam 114 directed at the second
detector 911. The first detector 910 and the second detector 911 are each configured to capture
data associated with the electrochemical process, such as light emitted therefrom. The first
detector 910 and the second detector 911 are further configured to communicate with the computer

system 105 of the assay apparatus to transmit data, receive settings, etc.

[0086] The beam splitting device 112 may also split reference light 116 emitted from a
reference light source 411. Light emitted from the reference light source 411 may be transmitted

through the beam splitting device 112 to the second detector 911 and reflected by the beam
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splitting device to the first detector 910. The reference light source 411 may be configured to
emit the reference light 116 at a specified, predetermined or known intensity and wavelength
range. The reference light source 411 may be turned on (e.g., selectively activated), for example,
for a brief period of time (e.g., a pulse), prior to making an analytical assay measurement (e.g.,
capture of emitted light) and may be used to normalize the output of the first detector 910 and the
second detector 911 and correct for gain variation and drift. When the reference light source 411
is illuminated, the larger fraction of its output is directed to the second detector 911 in a second
reference light beam via transmission and the smaller fraction to the first detector 910 in a first

reference light beam via reflection.

[0087] Inembodiments that include the reference light source 411, the arrangement, make-up,
and configuration of first detector 910 and second detector 911 may include all of the variations

discussed above with respect to FIG. 1 and the optical system 110.

[0088] In further variations of the assay apparatuses 100, 200, 300, and 400, one or more
filters may be employed in the associated optical systems. Such filters may be configured to
permit light of selected wavelengths to reach respective detectors within the system. For
example, such filters may be used with certain assays to block or reduce the transmission of light

emitted from non-analytes (e.g., a read buffer).

[0089] The above described systems, methods, and apparatuses are discussed above with
respect to specific devices and specific types of assays. Description of specific assays or specific
devices are provided for example and illustrative purposes only and the embodiments disclosed
herein are not limited thereto. In embodiments, the optical systems described herein may be
employed in any light detection system that may be improved by a high dynamic range system
having the advantages discussed herein. Further, additional optical detection devices not

specifically discussed herein may also be suitable for use with the optical systems described.

[0090] Additional embodiments of the systems and methods described herein include the

following.

[0091] Embodiment 1 is an apparatus for conducting an assay based on an electrochemical

process, comprising a first detector configured to capture data associated with the electrochemical
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process; a second detector configured to capture data associated with the electrochemical process;
and a beam splitting device configured to split emitted light from the electrochemical process into
a first light beam directed at the first detector and a second light beam directed at the second

detector.

[0092] Embodiment 2 is the apparatus of embodiment 1, further including a housing and plate

electrical connector.

[0093] Embodiment 3 is the apparatus of embodiments 1 or 2, further including a voltage
source or current source configured to initiate the electrochemical process via the plate electrical

connector.

[0094] Embodiment 4 is the apparatus of embodiments 1-3, wherein the beam splitting device
is configured to transmit the first light beam and to reflect the second light beam, and the beam
splitting device is configured with a transmission percentage of at least 90%, at least 95%, or at

least 99%.

[0095] Embodiment 4 is the apparatus of embodiments 1-4, wherein the beam splitting device
is configured to transmit the first light beam and to reflect the second light beam, and the beam
splitting device is configured with a reflection percentage of at least 90%, at least 95%, or at least

99%.

[0096] Embodiment 6 is the apparatus of embodiments 1-5, wherein the one or more detectors

includes a photo-detector.

[0097] Embodiment 7 is the apparatus of embodiments 1-6, wherein the photo-detector
includes at least one of a CCD, CMOS device, scientific CMOS device, EMCCD device, SiPM
device, APD, photodiode, and 2-iayer transistor pixel stacked CMOS.

[0098] Embodiment 8 is the apparatus of embodiments 1-7, wherein the first detector and the
second detector are of a same device type, the first detector is configured with a first set of settings
to decrease read noise and increase low light sensitivity, and the second detector is configured with

a second set of settings equal to the first set of settings.
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[0099] Embodiment 9 is the apparatus of embodiments 1-8, wherein the first set of settings

include binning settings combining multiple photo-detector pixels.

[00100] Embodiment 10 is the apparatus of embodiments 1-9, wherein a combined dynamic
range of the first detector and the second detector is at least a magnitude of 10x, at least 20x, or at

least 100x greater than an individual dynamic range of the first detector and the second detector.

[00101] Embodiment 11 is the apparatus of embodiments 1-10, wherein the first detector and
the second detector are of a same device type, the first detector is configured with a first set of
settings to decrease read noise and increase low light sensitivity, and the second detector is

configured with the second set of settings to increase high-end dynamic range.

[00102] Embodiment 12 is the apparatus of embodiments 1-11, wherein the second set of

settings include finer binning settings than the first set of settings to capture higher light levels.

[00103] Embodiment 13 is the apparatus of embodiments 1-10, wherein the first detector is a

higher sensitivity device than the second detector.

[00104] Embodiment 14 is the apparatus of embodiments 1-10 and 13, wherein the first detector
is a first CCD or CMOS device and the second detector is a second CCD or CMOS device.

[00105] Embodiment 15 is the apparatus of embodiments 1-10 and 13, wherein the first detector

is a SiPM device and the second detector is an imaging device.

[00106] Embodiment 16 is the apparatus of embodiments 1-10 and 13, wherein the first detector
occupies a first portion of a single sensor and the second detector occupies a second portion of the

single sensor.

[00107] Embodiment 17 is the apparatus of embodiment 16, wherein the single sensor is an

imaging sensor.

[00108] Embodiment 18 is the apparatus of embodiments 1-17, wherein a voltage source or
current source configured to initiate the electrochemical process via a plate electrical connector is
configured to initiate individual electrochemical processes in sequence to minimize optical

crosstalk.
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[00109] Embodiment 19 is the apparatus of embodiments 1-18, wherein the beam splitting
device includes at least one of a fiber optic splitter, a beam splitting device cube, a plate beam

splitting device, and a pellicle beam splitting device.

[00110] Embodiment 20 is the apparatus of embodiments 1-19, wherein the beam splitting
device includes a fiber optic splitter, the apparatus further comprising: light collection optics
configured to receive the emitted light; a fiber connector configured to interface with the light
collection optics; a first fiber collimator configured to direct the first light beam at the first detector;

and a second fiber collimator configured to direct the second light beam at the second detector.

[00111] Embodiment 21 is the apparatus of embodiment 20, wherein the fiber optic splitter is
configured to split the emitted light into the first light beam and the second light beam.

[00112] Embodiment 22 is the apparatus of embodiments 20, wherein the light collection optics
include at least one of a GRIN lens, fiber optic taper, discrete lens, combination of lenses, or Ball

lens.

[00113] Embodiment 23 is the apparatus of embodiments 1-22, wherein the beam splitting
device includes a 2x2 fiber optic coupler-splitter with a split ratio, the apparatus further
comprising: a reference light source, wherein the 2x2 fiber optic coupler-splitter is configured to
selectively direct reference light from the reference light source or the emitted light from the

electrochemical process to the first detector and the second detector.

[00114] Embodiment 24 is the apparatus of embodiment 23,wherein the split ratio is selected

from a 99:1 ratio and a 90:1 ratio.

[00115] Embodiment 25 is the apparatus of embodiment 23, wherein the reference light source

is configured for selective activation.

[00116] Embodiment 26 is the apparatus of embodiments 1-25, further comprising a reference
light source, wherein the beam splitting device is configured to split reference light emitted from
the reference light source into a first reference light beam directed at the first detector and a second

reference light beam directed at the second detector.
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[00117] Embodiment 27 is the apparatus of embodiment 26, wherein the reference light source

is configured for selective activation.

[00118] Embodiment 28 is the apparatus of embodiments 1-27,wherein at least one of the first

detector and the second detector include a sensor array.

[00119] Embodiment 29 is the apparatus of embodiments 1-28, further comprising one or more

filters configured to permit selected wavelengths of light through.

[00120] Embodiment 30 is an apparatus for conducting an assay based on a light-emitting
process, comprising: a first detector configured to capture data associated with the emitted light; a
second detector configured to capture data associated with the emitted light; and a beam splitting
device configured to split the emitted light into a first light beam directed at the first detector and

a second light beam directed at the second detector.

[00121] Embodiment31 is the apparatus of embodiment 30, wherein the emitted light is emitted

from a luminescence-based assay.

[00122] Embodiment32 is the apparatus of embodiment 30, wherein the emitted light is emitted

from a chemiluminescence-based assay.

[00123] Embodiment 33 is the apparatus of embodiment 30, wherein the emitted light is emitted

from an electrochemiluminescence-based assay.

[00124] Embodiment 34 is the apparatus of embodiment 30, wherein the emitted light is emitted

from a fluorescence-based assay.

[00125] Tt will be readily apparent to one of ordinary skill in the relevant arts that other
suitable modifications and adaptations to the methods and applications described herein can be
made without departing from the scope of any of the embodiments. It is to be understood that
while certain embodiments have been illustrated and described herein, the claims are not to be
limited to the specific forms or arrangement of parts described and shown. In the specification,
there have been disclosed illustrative embodiments and, although specific terms are employed,

they are used in a generic and descriptive sense only and not for purposes of limitation.

23



WO 2023/164501 PCT/US2023/063057

Modifications and variations of the embodiments are possible in light of the above teachings. Tt
is therefore to be understood that the embodiments may be practiced otherwise than as
specifically described. All publications, patents and patent applications mentioned in this
specification are herein incorporated by reference to the same extent as if each individual
publication, patent or patent application was specifically and individually indicated to be

incorporated by reference.

24



WO 2023/164501 PCT/US2023/063057

Claims:

1. An apparatus for conducting an assay based on an electrochemical process, comprising:

a first detector configured to capture data associated with the electrochemical process;

a second detector configured to capture data associated with the electrochemical process; and

a beam splitting device configured to split emitted light from the electrochemical process into a
first light beam directed at the first detector and a second light beam directed at the second

detector.

2. The apparatus of claim 1, further comprising a housing and plate electrical connector.

3. The apparatus of claim 2, further comprising a voltage source or current source configured to

initiate the electrochemical process via the plate electrical connector.

4. The apparatus of claim 1, wherein the beam splitting device is configured to transmit the first
light beam and to reflect the second light beam, and
the beam splitting device is configured with a transmission percentage of at least 90%, at least

95%, or at least 99%.

5. The apparatus of claim 1, wherein the beam splitting device is configured to transmit the first
light beam and to reflect the second light beam, and
the beam splitting device is configured with a reflection percentage of at least 90%, at least 95%,

or at least 99%.

6. The apparatus of claim 1, wherein the one or more detectors includes a photo-detector.

7. The apparatus of claim 6, wherein the photo-detector includes at least one of a CCD, CMOS
device, scientific CMOS device, EMCCD device, SiPM device, APD, photodiode, and 2-layer

transistor pixet stacked CMOS.

8. The apparatus of claim 4, wherein
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the first detector and the second detector are of a same device type,
the first detector is configured with a first set of settings to decrease read noise and increase low
light sensitivity, and

the second detector is configured with a second set of settings equal to the first set of settings.

9. The apparatus of claim 6, wherein the first set of settings include binning settings combining

multiple photo-detector pixels.

10. The apparatus of claim 4, wherein a combined dynamic range of the first detector and the
second detector is at least a magnitude of 10x, at least 20x, or at least 100x greater than an

individual dynamic range of the first detector and the second detector.

11. The apparatus of claim 4, wherein

the first detector and the second detector are of a same device type,

the first detector is configured with a first set of settings to decrease read noise and increase low
light sensitivity, and

the second detector is configured with a second set of settings to increase high-end dynamic

range.

12. The apparatus of claim 8, wherein the second setting include finer binning settings than the

first set of settings to capture higher light levels.

13. The apparatus of claim 4, wherein the first detector is a higher sensitivity device than the

second detector.

14. The apparatus of claim 13, wherein the first detector is a first CCD or CMOS device and the
second detector is a second CCD or CMOS device.

15. The apparatus of claim 13, wherein the first detector is a SiPM device and the second

detector is an imaging device.
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16. The apparatus of claim 1, wherein the first detector occupies a first portion of a single sensor

and the second detector occupies a second portion of the single sensor.

17. The apparatus of claim 15, wherein the single sensor is an imaging sensor.

18. The apparatus of claim 1, wherein a voltage source or current source configured to initiate
the electrochemical process via a plate electrical connector is configured to initiate individual

electrochemical processes in sequence to minimize optical crosstalk.

19. The apparatus of claim 1, wherein the beam splitting device includes at least one of a fiber
optic splitter, a beam splitting device cube, a plate beam splitting device, and a pellicle beam

splitting device.

20. The apparatus of claim 19, wherein the beam splitting device includes a fiber optic splitter,
the apparatus further comprising:
light collection optics configured to receive the emitted light;
a fiber connector configured to interface with the light collection optics;
a first fiber collimator configured to direct the first light beam at the first detector; and
a second fiber collimator configured to direct the second light beam at the second

detector.

21. The apparatus of claim 20, wherein the fiber optic splitter is configured to split the emitted
light into the first light beam and the second light beam.

22. The apparatus of claim 20, wherein the light collection optics include at least one of a GRIN

lens, fiber optic taper, discrete lens, combination of lenses, or Ball lens.
23. The apparatus of claim 1, wherein the beam splitting device includes a 2x2 fiber optic

coupler-splitter with a split ratio, the apparatus further comprising:

a reference light source, wherein
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the 2x2 fiber optic coupler-splitter is configured to selectively direct reference light from the
reference light source or the emitted light from the electrochemical process to the first detector

and the second detector.

24. The apparatus of claim 23, wherein the split ratio is selected from a 99:1 ratio and a 90:1

ratio.

25. The apparatus of claim 23, wherein the reference light source is configured for selective

activation.

26. The apparatus of claim 1, further comprising a reference light source, wherein
the beam splitting device is configured to split reference light emitted from the reference light
source into a first reference light beam directed at the first detector and a second reference light

beam directed at the second detector.

27. The apparatus of claim 26, wherein the reference light source is configured for selective

activation.

28. The apparatus of claim 1, wherein at least one of the first detector and the second detector

include a sensor array.

29. The apparatus of claim 1, further comprising one or more filters configured to permit

selected wavelengths of light through.

30. An apparatus for conducting an assay based on a light-emitting process, comprising:

a first detector configured to capture data associated with the emitted light;

a second detector configured to capture data associated with the emitted light; and

a beam splitting device configured to split the emitted light into a first light beam directed at the

first detector and a second light beam directed at the second detector.
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31. The apparatus of claim 30, wherein the emitted light is emitted from a luminescence-based

assay.

32. The apparatus of claim 30, wherein the emitted light is emitted from a chemiluminescence-

based assay.

33. The apparatus of claim 30, wherein the emitted light is emitted from an

electrochemiluminescence-based assay.

34. The apparatus of claim 31 wherein the emitted light is emitted from a fluorescence-based

assay.
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