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ENHANCED CYTOMETRY FOR TISSUE CHARACTERIZATION AND
SCREENING

BACKGROUND

Field

[0001] Embodiments of the invention relate to imaging systems and methods, and more
particularly imaging systems that facilitate analysis and characterization of biological

samples, including cells and tissues.

Background

[0002] The ability to probe and characterize the expression of molecules on the surface of
a cell, whether by itself or in the context of a tissue, has been vital to researchers’ abilities
to dissect the molecular mechanisms underlying human biology and to monitor changes
associated with pathology and therapeutic intervention. In these analyses, it is important
to gather information both about the type and number of molecules expressed on the cell
surface, as well as the spatial relationships among cells with different expression profiles.
For example, in the context of cancer, spatial information can provide clues as to which
cells are attracting an immune response, and which structural subgroups are particularly
susceptible or resistant to therapeutics.

[0003] State-of-the-art methods for performing such characterization are subject,
however, to tradeoffs among throughput, parallelization, and maintenance of spatial
information. Conventional immunofluorescence (IF) and immunohistochemistry (IHC),
for example, maintain the tissue in a state close to physiological representation, but is
limited by the number of spectrally distinct fluorescent probes available and the number
of times one can probe the tissue. As a result, one piece of tissue can only be probed for
expression of 5-7 molecules of interest. Flow cytometry, on the other hand, offers the
ability to probe 15-18 molecules of interest. More recent developments in the field like
CyTOF (Cytometry by Time of Flight) utilize heavy metal ion tagged antibodies, which
can increase the number of probed molecules to about 100. However, in both methods,
analysis happens on a single cell level, meaning the original sample must be broken up—

leading to loss of key spatial information. Not only this, but once an analysis has been
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performed, that tissue cannot be used in other downstream analyses, like RNAsequencing,

that could provide parallel information.

BRIEF SUMMARY

[0004] In the embodiments presented herein, a new imaging technique is presented to
deliver a characterization method that maintains spatial information, characterizes a large
piece of tissue at the same time, is theoretically unlimited in the number of surface
molecules that can be probed, and preserves the integrity of the sample for downstream
analyses.

[0005] In an embodiment, an optical imaging system includes a frame designed to
provide mechanical coupling between a first stage and a second stage, a sample holding
region located on the first stage, a lens arrangement, and a sensor array. The lens
arrangement is disposed between the first stage and the second stage and is designed to
receive light from a sample at the sample holding region on the first stage. The lens
arrangement has a numerical aperture less than 0.1. The sensor array is coupled to the
second stage and is designed to receive light passing through the lens arrangement.

[0006] In another embodiment, a method of capturing fluorescent images of a sample
includes disposing the sample over a sample holding region on a stage, and disposing a
substrate comprising a plurality of microfluidic channels over the sample. The method
also includes flowing a solution through the plurality of microfluidic channels, such that
the solution contacts the sample, and receiving light fluorescing from the sample at a lens
arrangement disposed beneath the stage. The lens arrangement has a numerical aperture
less than 0.1. The method also includes detecting the light fluorescing from the sample at
a detector disposed optically downstream from the lens arrangement.

[0007] In another embodiment, an optical imaging system includes a frame designed to
provide mechanical coupling between a first stage and a second stage, a sample holding
region located on the first stage, a substrate disposed over a sample located at the sample
holding region, a lens arrangement, and a sensor array. The substrate includes a plurality
of microfluidic channels. The lens arrangement is disposed between the first stage and the
second stage and is designed to receive light from a sample at the sample holding region

on the first stage. The lens arrangement has a numerical aperture less than 0.1. The sensor
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array is coupled to the second stage and is designed to receive light passing through the
lens arrangement.

[0008] In another embodiment, a method of detecting binding reactions includes
sequentially loading probe solutions into a first channel, where each of the probe
solutions includes fluorescently tagged probe molecules. The probe solutions are
substantially separated from one another within the first channel. The method also
includes flowing the probe solutions through the first channel and into a second channel
located above a sample, such that the probe solutions contact the sample when present in
the second channel. The method includes receiving light fluorescing from the
fluorescently tagged probe molecules present at the sample using a lens arrangement
disposed beneath the sample, and detecting the light fluorescing from the fluorescently
tagged probe molecules at a detector disposed optically downstream from the lens

arrangement.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0009] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate embodiments of the present invention and, together with the
description, further serve to explain the principles of the invention and to enable a person
skilled in the pertinent art to make and use the invention.

[0010] FIG. 1 illustrates a three-dimensional representation of an optical inspection
system, according to an embodiment.

[0011] FIG. 2 illustrates a cross-section representation of an optical inspection system,
according to an embodiment.

[0012] FIG. 3 illustrates a housing with a lens arrangement as used in FIG. 2, according
to an embodiment.

[0013] FIG. 4 illustrates a cross-section representation of an optical inspection system,
according to another embodiment.

[0014] FIG. 5 illustrates a housing with a lens arrangement as used in FIG. 4, according
to another embodiment.

[0015] FIG. 6 illustrates a top-down view of a microfluidic device, according to an

embodiment.
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[0016] FIG. 7 illustrates a top-down view of another microfluidic device, according to an
embodiment.

[0017] FIG. 8 illustrates a testing procedure with a microfluidic device, according to an
embodiment.

[0018] FIGs. 9A and 9B illustrate example fluorescence measurements, according to an
embodiment.

[0019] FIG. 10 illustrates a method of capturing fluorescent images of a sample,
according to an embodiment.

[0020] FIG. 11 illustrates another method of capturing fluorescent images of a sample,
according to an embodiment.

[0021] Embodiments of the present invention will be described with reference to the
accompanying drawings. It is to be understood that the drawings are not drawn to scale
and any specific geometric shapes or dimensions used in the drawings are used only to

provide example embodiments of the invention.

DETAILED DESCRIPTION

[0022] Although specific configurations and arrangements are discussed, it should be
understood that this is done for illustrative purposes only. A person skilled in the
pertinent art will recognize that other configurations and arrangements can be used
without departing from the spirit and scope of the present invention. It will be apparent to
a person skilled in the pertinent art that this invention may also be employed in a variety
of applications and is not limited to any one particular application.

[0023] It is noted that references in the specification to "one embodiment," "an

embodiment," "an example embodiment," etc., indicate that the embodiment described
may include a particular feature, structure, or characteristic, but every embodiment may
not necessarily include the particular feature, structure, or characteristic. Moreover, such
phrases do not necessarily refer to the same embodiment. Further, when a particular
feature, structure or characteristic is described in connection with an embodiment, it
would be within the knowledge of one skilled in the art to effect such feature, structure or
characteristic in connection with other embodiments whether or not explicitly described.

[0024] Conventional microscopic imaging techniques for applications like IF and IHC

sacrifice throughput for high resolution, as they employ the use of high-magnification
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optical systems to achieve single-cell level resolution. In these conventional systems, a
tissue is operationally broken up into 30-40 smaller pieces that fit into the limited field of
view of a high-resolution microscope, and each piece must be imaged by itself. As a
result, one tissue, even after the laborious process of fixing, embedding, and labeling
(themselves a multi-hour or multi-day process), still requires 30 minutes to 2 hours to
image. After imaging, there is further image processing to be performed to reconstruct a
tissue image from these 30-40 pieces.

[0025] In contrast, embodiments herein relate to an optical imaging system that may be
used to capture images of a sample, where the images are characterized as having both a
relatively large field of view without sacrificing resolution. As such, whole tissue samples
may be imaged in the same field of view (without needing to break up the sample), while
maintaining a high enough resolution for both qualitative and quantitative analysis. The
samples may include disease tissue samples, or biopsy tissue samples. In some examples,
the entire area of a sample fits within a single image, eliminating the need to take multiple
images at different points on the sample.

[0026] FIG. 1 illustrates an optical imaging system 100, according to an embodiment.
Optical imaging system 100 includes a top stage 104 supported by a frame 102. In an
embodiment, frame 102 also provides mechanical coupling between top stage 104 and a
bottom stage 106. Frame 102 may include any number of columns, as illustrated in FIG.
1, or may include any other structural shapes or angled members to support top stage 104
a given distance above bottom stage 106. Bottom stage 106 may provide a stable base for
optical imaging system 100, and may also be coupled with detector components as will be
discussed in further detail herein. In an embodiment, top stage 104 may be designed to
translate along the Z-direction.

[0027] According to an embodiment, top stage 104 includes a sample holding region 108.
Sample holding region 108 may be located at or near the middle of top stage 104. Sample
holding region 108 may represent an opening through a bottom surface of top stage 104,
such that light may pass through the opening from underneath, or from above, top stage
104. Sample holding region 108 may include a transparent block positioned over or
within the opening. The transparent block may be substantially transparent to all
wavelengths of light used during a given cytometry procedure. In some embodiments,

sample holding region 108 may include an indentation in the bottom surface of top stage
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104 that includes a bottom lip to support a glass slide or other sample-containing substrate
placed in the indentation. Sample holding region 108 may also include one or more of a
polarization filter, bandpass filter, or longpass filter to attenuate excitation light, but pass
fluorescent light from the sample.

Positioned between first stage 104 and second stage 106 is a housing 110,
according to an embodiment. Housing 110 may be coupled to second stage 106 and may
house various optical elements designed to collect light from a sample placed at sample
holding region 108. For example, fluorescent light generated at a sample placed at sample
holding region 108 may be collected by the optical elements within housing 110.

According to an embodiment, housing 110 includes a lens arrangement that
receives light from the sample. The lens arrangement is designed to have a very low
numerical aperture, such that light may only enter from a small range of angles. This
helps to greatly improve the resolution by removing scattered light and other sources of
noise entering the lens arrangement. The low numerical aperture limits the entry of light
to only light that propagates in the z-direction, or only small angles from the z-direction.
In one embodiment, the numerical aperture of the lens arrangement within housing 110 is
less than 0.1. In other embodiments, the numerical aperture of the lens arrangement
within housing 110 is less than 0.05, less than 0.01, or less than 0.001. In an embodiment,
the lens arrangement within housing 110 does not change the magnification of the
collected image (i.e., the lens arrangement has a magnification of 1x). In an embodiment,
the lens arrangement comprises a telecentric lens. Further discussion regarding the lens
arrangement is provided with regards to FIGs. 3A and 3B.

In an embodiment, housing 110 includes an opening 112 along a side of housing
110. Light may be guided into opening 112 in order to provide excitation light towards a
sample at sample holding region 108. For example, an optical fiber may be coupled into
opening 112 to guide excitation light into opening 112. The excitation light may be used
to cause the sample at sample holding region 108 to fluoresce.

In some embodiments, bottom stage 106 includes a removable component 114
that may be designed to easily slide in and out. Housing 110 may be coupled to this
removable component 114 to provide a mechanism for aligning housing 110 (and

consequently aligning the lens arrangement within) beneath sample holding region 108.
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[0032] FIG. 2 illustrates a side view of various components of optical imaging system
100, according to an embodiment. In one example, sample holding region 108 supports a
sample 204. Sample 204 may be placed on a glass slide or other supporting substrate
before being placed over sample holding region 108. In some embodiments, sample 204
is a tissue sample.

[0033] In some embodiments, top stage 104 includes an optical filter 202 disposed
beneath sample holding region 108. Optical filter 202 may include one or more of a
polarization filter, bandpass filter, or longpass filter. Optical filter 202 may be included
when excitation light from an illumination source 210 is directed towards sample holding
region 108 from above. For example, illumination source 210 may be a blue laser or a
blue LED, and the blue light excites fluorophores in sample 204 to emit higher
wavelength light (such as green light). In this scenario, optical filter 202 may be used to
substantially block the passage of the blue light while allowing the green light to pass. For
example, a bandpass filter may only allow a band around the green light portion of the
electromagnetic spectrum, e.g. about 530 +/- 30 nm, or a longpass filter may only allow
wavelengths above a certain threshold to pass through, e.g., above 500 nm. Thus, the
image of sample 204 will be primarily formed from the sample fluorescence rather than
noise (e.g., the blue excitation light). Other excitation wavelengths and fluorophore
wavelengths may be used with optical filter 202 adjusted accordingly to substantially
block passage of the excitation light while passing the fluoresced light.

[0034] In an embodiment, a substrate 206 having one or more microfluidic channels is
disposed over sample 204. Substrate 206 may be a glass substrate where the one or more
microfluidic channels are etched within the glass substrate. In another embodiment,
substrate 206 is a polymer material, such as polydimethylsiloxane (PDMS), that is
molded to form the one or more microfluidic channels. Substrate 206 may also include
inlet and outlet ports (not shown) to flow fluid through the one or more microfluidic
channels. One example arrangement of microfluidic channels in substrate 206 is
illustrated in FIG. 6.

[0035] The one or more microfluidic channels may be provided to deliver fluid over
sample 204. Thus, the fluid may contact sample 204 as it flows through the one or more
microfluidic channels. Tagged probe molecules (for example, tagged with various

fluorophores) in a buffer solution may be delivered through the one or more microfluidic
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channels to bind on the surface of particular cells or cell types in sample 204. The tagged
probe molecules may be cell binding agents that interact with molecules on the surface of
or inside the cell. The tagged probe molecules may include antibodies, proteins, DNA,
RNA, enzymes, or cells, to name a few examples. According to an embodiment, the
binding that occurs between the tagged probe molecules and the sample 204 is not a
covalent bond, but may be a weaker bond based on the equilibrium constant of the
binding environment. Due to the weaker binding, the flow of the solution through the one
or more microfluidic channels eventually washes away the bound probe molecules. This
mechanism allows for multiple probe molecules to be introduced one after another over
sample 204 while constantly imaging sample 204 for any binding reactions occurring
between any of the tagged probe molecules and sample 204. The introduction of multiple
tagged probe molecules is discussed in more detail later with reference to FIG. 7. Various
wash buffers may also be delivered through the one or more microfluidic channels. In one
embodiment, fluid is delivered through the one or more microfluidic channels using a
pressure driven flow.

[0036] In some embodiments, substrate 206 may be plasma bonded using an oxygen
plasma to a glass slide or other type of glass substrate beneath sample 204. For additional
leakage protection, a top substrate 208 may be provided over substrate 206 to apply
pressure downward, further sealing the one or more microfluidic channels. In some
embodiments, top substrate 208 may include one or more screws (not shown) to tighten
top substrate 208 downwards towards top stage 104.

[0037] An optional prism block 209 may be provided over substrate 206. Prism block 209
may be used to reduce the amount of excitation light that propagates down through
sample holding region 108 towards housing 110.

[0038] Housing 110 is positioned beneath sample holding region 108 to collect light from
sample 204. In an embodiment, housing 110 includes a lens arrangement and potentially
other optical components to guide the received light towards a detector 212. Detector 212
may be a sensor array, such as a CMOS sensor array. In an embodiment, detector 212
may be coupled to bottom stage 106. Detector 212 may be a sensor array with a pixel size
of, for example, less than 5 um”. Each pixel may have a size of, for example, about 2.2
um x 2.2 um. The sensor array may have a total diagonal distance of, for example, less

than 8 mm. In an embodiment, the field of view provided by the lens arrangement within
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housing 110 is roughly equal to the total footprint of the sensor array if no magnification
is imposed by the lens arrangement. Accordingly, a sensor array having a diagonal
footprint distance of 7.33 mm provides an image with a similar field of view of about
7.33 mm along the diagonal.

[0039] FIG. 3 illustrates a view within housing 110 as used in the arrangement illustrated
in FIG. 2, according to an embodiment. Housing 110 includes a lens arrangement 302 that
includes a plurality of lenses 304. Plurality of lenses 304 may include any number and
type of lens arranged such that lens arrangement 302 has a very low numerical aperture
(e.g., a numerical aperture less than 0.1). In an embodiment, plurality of lenses 304
includes a telecentric lens. Examples of telecentric lenses include both bi-telecentric
lenses and image-space telecentric lenses.

[0040] In some embodiments, housing 110 includes an optical filter 306. Optical filter
306 may be similar to optical filter 202 disposed beneath sample holding region 108.
Accordingly, optical filter 306 may include one or more of a polarization filter, bandpass
filter, or longpass filter. In some arrangements, it may not be necessary to include both
optical filter 202 and optical filter 306. Thus, in some embodiments, only optical filter
306 is used without using optical filter 202, while in some other embodiments only
optical filter 202 is used without using optical filter 306.

[0041] FIG. 4 illustrates another view of various components of optical imaging system
100, according to another embodiment. Many of the same elements illustrated in FIG. 2
are repeated again in FIG. 4, and thus their description is not repeated here. This
embodiment uses housing 110 with an opening 112 along its side to introduce excitation
light. Because excitation light is provided via opening 112, and directed towards sample
holding region 108 from below, illumination source 210, prism block 209, and optical
filter 202, as shown in FIG. 2, are not required in this embodiment.

[0042] FIG. 5 illustrates a view within housing 110 as used in the arrangement illustrated
in FIG. 4, according to an embodiment. Excitation light 502 is provided through opening
112 into housing 110. Excitation light 502 is received by an angled filter 506 that is
designed to reflect wavelengths below a threshold and pass through wavelengths above
the threshold. Excitation light 502 is reflected from angled filter 506 and passes through
lens arrangement 302 to be directed towards sample holding region 108, according to an

embodiment. The light 504 received from the sample is then collected back into housing



WO 2019/226897 PCT/US2019/033755
-10 -

110, through lens arrangement 302, where it passes through angled filter 506. In some
embodiments, excitation light 502 and light 504 received from the sample do not interact
with the same angled filter 506, and instead travel along different optical paths within
housing 110.

[0043] Light 504 received from the sample may include the desired fluorescent light
mixed with undesired noise from the ambient environment and/or excitation light 502.
Similar to the embodiment illustrated in FIG. 3, optical filter 306 may be provided to
remove any sources of noise from light 504.

[0044] FIG. 6 illustrates a top-down view of a flow cell 600 having microfluidic
channels patterned therein, according to an embodiment. Flow cell 600 may be one
example of substrate 206 described above with reference to FIG. 2. Flow cell 600 may be
placed over a sample (e.g., a tissue sample) to deliver fluid to portions of the sample
exposed beneath the microfluidic channels of flow cell 600.

[0045] According to an embodiment, flow cell 600 includes two fluidic input/output (I/O)
ports 602 and a plurality of parallel microfluidic channels 604 between 1/O ports 602. The
plurality of parallel microfluidic channels 604 may be molded using known soft
lithography techniques when flow cell 600 is a polymer material. In another example,
plurality of parallel microfluidic channels 604 are etched when flow cell 600 is a more
rigid material such as glass or silicon.

[0046] Fluid may be pressure-driven into one I/O port 602, such that the fluid flows
through each of the plurality of microfluidic channels 604 before exiting out of the
opposite /0 port 602. Each of the plurality of microfluidic channels 604 may be
characterized as having a length / and a width w. According to an embodiment, the length
| of each of the plurality of microfluidic channels 604 is substantially the same, while the
width w of each channel increases the further the channel is from a center channel 606.
For example, center channel 606 may have the smallest width w while each of the
microfluidic channels at the ends has the largest width w. By having the widths of the
microfluidic channels vary in this pattern, fluid will flow at substantially the same flow
rate through each of the plurality of microfluidic channels 604. The widths of each
channel of plurality of microfluidic channels 604 may be determined such that the same

flow rate is achieved through each of the channels. This determination may depend on the
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viscosity of the fluid and the amount of pressure applied to the fluid as it enters I/O port
602.

[0047] The fluid may be flown between I/O ports 602 using a syringe pump or a
pressurized air source. Other forms of fluid transport are possible as well, including
integrated pumps, capillary action, or electro-osmotic flow. As noted above, a sample to
be imaged may form the bottom surface of each of plurality of microfluidic channels 604,
such that fluid flowing through plurality of microfluidic channels 604 flows directly on
the sample. By controlling fluid flow through plurality of microfluidic channels 604, less
analyte (compared to a non-microfluidic apparatus) is used for a given experiment with
sample 204. Furthermore, other microfluidic designs utilizing multiple separated channels
may be used to controllably introduce different fluids to different portions of the same
sample 204.

[0048] FIG. 7 illustrates a top-down view of another flow cell 700 having microfluidic
channels patterned therein, according to an embodiment. Flow cell 700 may be one
example of substrate 206 described above with reference to FIG. 2. Flow cell 700 may be
placed over a sample (e.g., a tissue sample) to deliver fluid to portions of the sample
exposed beneath the microfluidic channels of flow cell 700.

[0049] According to an embodiment, fluid enters flow cell 700 through an inlet port 702
and flows through an inlet channel 704 connected to inlet port 702. The fluid flows from
inlet channel 704 through a branching fluidic network 706, according to an embodiment.
As illustrated in FIG. 7, branching fluidic network 706 forms two branching fluidic
channels at each branching point, and branches at three levels to transition from one
starting channel to eight ending channels. Branching fluidic network 706 may include any
total number of branching channels and any number of branching channels may be used
at each branching point.

[0050] The branching channels of branching fluidic network 706 terminate into a same
large fluidic channel 708, according to an embodiment. Large fluidic channel 708 may
have a width that spans substantially the entire width of branching fluidic network 706.
Large fluidic channel 708 may have a width between about 15 mm and 25 mm, and may
have a length between about 20 mm and 30 mm. Once fluid has traversed large fluidic
channel 708, it flows through an outlet channel 710 connected to a fluidic outlet 712.

Branching fluidic network 706 evenly spreads the fluid flowing through inlet channel 704
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along the width of large fluidic channel 708, such that the fluid flows uniformly across
large fluidic channel 708, according to an embodiment.

[0051] In some embodiments, flow cell 600 or flow cell 700 may be positioned over
sample 204 to deliver fluid to sample 204. Flow cell 700 may be positioned such that
sample 204 is beneath large fluidic channel 708. In some embodiments, the fluid flown
through the channels of either flow cell 600 or flow cell 700 includes a buffer solution
containing fluorescently tagged probe molecules. The fluorescently tagged probe
molecules may bind to binding partners present on or in sample 204. The binding partners
may be present on or in certain cells or cell types found in sample 204. The fluorescently
tagged probe molecules may include cell binding agents that interact with molecules on
the surface of or inside the cell. The fluorescently tagged probe molecules may include,
e.g., fluorescently tagged antibodies, proteins, DNA, RNA, cells, aptamers, or tissue
fragments. Wash buffers may also be flown through the channels of either flow cell 600
or flow cell 700 to remove any non-specifically bound molecules from the channels and
from the surface of sample 204.

[0052] FIG. 8 illustrates an example of flowing multiple tagged probe molecules through
a fluidic channel over a tissue sample, according to some embodiments. A fluidic device
800 includes a channel layer 802 in which a fluidic channel 812 may be patterned. In one
example, channel layer 802 is a glass layer and fluidic channel 812 is etched into the glass
layer. In another example, channel layer 802 is a polymer layer (such as PDMS) and
fluidic channel 812 is molded or patterned in the polymer layer. Channel layer 802 may
have a channel design similar to that of either flow cell 600 or flow cell 700, according to
some embodiments. Fluidic device 800 may also include a sample layer 804 that includes
a sample 805 to be studied. Sample layer 804 may be a glass slide, or any other
transparent material. Sample 805 may be a tissue sample, such as a tissue sample obtained
during a biopsy of a human or animal subject. In other examples, sample 805 represents
an ordered array of biological elements. For example, sample 805 may be an array of
DNA sequences, RNA sequences, proteins, enzymes, ligands, antibodies, or any
combination thereof. Fluidic device may also include a filter layer 806 designed to filter
excitation light and pass through fluorescently emitted light 816 from the tagged probe

molecules.
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Fluidic channel 812 may represent any design of fluidic channel to introduce fluid
over sample 805, and its illustration in FIG. 8 is not intended to be limiting. For example,
fluidic channel 812 may include a single channel passing over sample 805, multiple
parallel channels passing over sample 805, or other more complex configurations that
could involve branching channels and fluidic valves. Fluidic channel 812 may be a
microfluidic channel if fluidic channel 812 includes sub-millimeter dimensions.

According to an embodiment, multiple tagged probe molecules may be delivered
one after another in a serial arrangement through fluidic channel 812 such that they each
pass over sample 805. A series of probe solutions 808-1 to 808-n may be sequentially
introduced via an inlet channel 810 as a series of solution plugs abutted against one
another. A solution plug may be a defined volume of a given solution confined within a
channel. In another example, each probe solution 808-1 to 808-n may be substantially
separated from neighboring probe solutions using an air pocket or a buffer solution. In
either case, the probe solutions 808-1 to 808-n are separated from one another in the inlet
channel 810 or the fluidic channel 812. When probe solutions 808-1 to 808-n are
sequentially introduced as a series of solution plugs, neighboring probe solutions may be
substantially separated by a liquid interface. Diffusion may occur between adjacent
solutions across the liquid interface, but no further mixing occurs between the solutions as
they are flown through at least inlet channel 810 and fluidic channel 812, according to an
embodiment. The formation of the liquid interface and lack of substantial mixing between
the solutions may occur due to the small geometry of the microfluidic channels, providing
laminar flow of the solution through the microfluidic channels.

Probe solutions 808-1 to 808-n may each include a population of identical probe
molecules. The populations of identical probe molecules may be different between
different probe solutions 808-1 to 808-n.

In the illustrated example of FIG. 8, probe solution 808-1 will be introduced first
over sample 805 for a period of time based on various factors. These factors can include
the dimensions of fluidic channel 812, the flow rate of the solution, and the loaded
amount of probe solution 808-1. A person skilled in the art would understand how to
adjust one or more of these factors to affect the time period that the probe solution is
present over the sample. After probe solution 808-1 has finished flowing over sample

805, it will flow out of outlet channel 814 and be followed immediately, or after a set
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period of time, by probe solution 808-2, and so forth until each of probe solutions 808-1
to 808-n has been introduced over sample 805.

[0057] Fluorescence 816 from the tagged probe molecules is collected as the molecules
flow over sample 805. FIGs. 9A and 9B illustrate example collected fluorescence signal
over time for a scenario where no binding occurs (FIG. 9A) and a scenario where binding
occurs (FIG. 9B). It should be noted that, for clarity, FIGs. 9A and 9B do not include the
collected excitation light which will be present to some degree in the measured optical
signal. Furthermore, relative peak size and width are illustrated for example purposes
only and are not to be considered limiting.

[0058] When no binding occurs, the probe solution flows over sample 805 and the
fluorescent tags are only briefly present over the optical collection area (since they do not
bind to any part of sample 805). Thus, the resulting fluorescence signal looks like a single
sharp peak centered at the peak emission wavelength of the fluorophore. However, if the
probe molecules within the probe solution do exhibit some degree of binding to any part
of sample 805, then the fluorescent tags will remain over the optical collection area for a
longer period of time. This manifests as a more drawn-out fluorescence signal over time
as illustrated in FIG. 9B. The slow decay of the collected fluorescent signal occurs due to
the fluorescently tagged probe molecules being slowly washed away from their binding
locations as the fluid in the channel continues to flow. The rate of decay of the fluorescent
signal may be affected by the flow rate of the solution or the amount of the loaded probe
solution.

[0059] In some embodiments, characteristics of the collected fluorescence signal from the
probe molecules may be analyzed to determine whether or not binding occurs, which may
be used to determine if a certain cell type or biological entity is present in sample 805. In
some embodiments, characteristics of the collected fluorescence signal from the probe
molecules may be analyzed to determine concentration or total number of target
molecules (e.g., molecules that bind with the probe molecules) present in sample 805. In
some embodiments, multiple emission peaks may be present simultaneously,
corresponding to different fluorophores on different probe molecules.

[0060] FIG. 10 illustrates a flowchart of a method 1000 for capturing fluorescent images
of a sample, according to an embodiment. Various steps of method 1000 may be

performed using embodiments described herein of optical imaging system 100. It should
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be understood that other steps may occur between those illustrated here, but have been
omitted for clarity and brevity. Such steps would involve conventional sample preparation
techniques that would be well understood by a person skilled in the art.

[0061] Method 1000 begins at step 1002, where a tissue sample is placed over a sample
holding region. At least a portion of the sample holding region may be transparent to
substantially all wavelengths of light used during a given cytometry procedure. In some
embodiments, the tissue sample is first placed on a glass slide (or similar transparent
substrate) before being placed at the holding region. The glass slide may fit into an
indentation at the sample holding region.

[0062] Method 1000 continues with step 1004 where a substrate with microfluidic
channel(s) is placed over the sample. The substrate may be a glass substrate where the
microfluidic channel(s) are etched within the glass substrate. In another embodiment, the
substrate is a polymer material, such as PDMS, that is molded to form the microfluidic
channel(s). Other components may also be added over the substrate. For example, a
transparent prism block may be placed over the substrate and excitation light may be
directed towards the prism block. The prism block may be included to reduce the amount
of excitation light that is received by a downstream lens arrangement.

[0063] Method 1000 continues with step 1006 where fluid is flown through the
microfluidic channel(s) in the substrate. For a substrate comprising a plurality of
microfluidic channels, the fluid may be flown at substantially the same flow rate through
each of a plurality of parallel microfluidic channels. The flow rate may be determined
based on the geometry of the microfluidic channel(s). The fluid flow may be controlled
via an applied pressure delivered by a syringe pump or pressurized air.

[0064] Method 1000 continues with step 1008, where light fluorescing from tagged probe
molecules present at the sample (e.g., either bound to the sample or passing over the
sample) is received at a lens arrangement positioned beneath the sample holding region,
according to an embodiment. The lens arrangement may be characterized as having a very
low numerical aperture, such as, for example, a numerical aperture less than 0.1. In other
embodiments, the numerical aperture of the lens arrangement is less than 0.05, less than
0.01, or less than 0.001. In one example, the lens arrangement includes a telecentric lens.

In some embodiments, excitation light is directed towards the sample holding region
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through the lens arrangement while light fluorescing from the sample is collected through
the lens arrangement. The lens arrangement may be disposed within a housing.

[0065] Method 1000 continues with step 1010, where the light received at the lens
arrangement is detected using a sensor array. The sensor array may include a CMOS
array of detectors. In an embodiment, the field of view provided by the lens arrangement
is roughly equal to the total footprint of the sensor array if no magnification is imposed by
the lens arrangement. Accordingly, the physical size of the sensor array in such an
embodiment is roughly equal to the field of view of the captured image. For example, a
sensor array having a diagonal footprint distance of 7.33 mm provides an image with a
similar field of view of about 7.33 mm along the diagonal. In some embodiments, the
light received at the lens arrangement is filtered before it is received by the sensor array.
The filtering may be performed by one or more of a bandpass filter, longpass filter, or
polarization filter. In some embodiments, the filtering of the light is performed before the
light is received by the lens arrangement.

[0066] In some embodiments, the light received by the sensor array may be used to form
an image of the sample. This image may provide details of regions of the sample that are
stained using tagged probe molecules, e.g., fluorescently tagged probe molecules. The
image may also provide details of regions of the sample where binding occurred between
the sample and the fluorescently tagged probe molecules. The intensity of the fluorescent
regions in the image may be used to indicate the degree of binding that occurred. For
example, an image displaying bright regions of the sample may indicate a high level of
binding between the fluorescently tagged probe molecules and the sample in those bright
regions.

[0067] In some embodiments, the light received at the sensor array includes any
fluorescent light generated from the fluorescently tagged probe molecules at the sample.
This intensity of the received fluorescent light may be used to calculate a concentration of
the fluorescently tagged probe molecules present at the sample. Such studies may be
performed, for example, to determine the relative concentration of certain cell types, or
certain proteins on the outer surface of the cells, or any other biomolecules present in the
sample. In some embodiments, the light is received from the entire sample, such that a

single image can be produced of the entire sample area.
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[0068] FIG. 11 illustrates a flowchart of a method 1100 for analyzing a plurality of
tagged probe molecules at high throughput, according to an embodiment. Various steps of
method 1100 may be performed using embodiments described herein of optical imaging
system 100 and/or fluidic device 800. It should be understood that other steps may occur
between those illustrated here, but have been omitted for clarity and brevity. Such steps
would involve conventional sample preparation techniques that would be well understood
by a person skilled in the art.

[0069] Method 1100 begins at step 1102, where a tissue sample is placed over a sample
holding region, and continues with step 1104 where a substrate having microfluidic
channels is placed over the sample. These steps are similar to steps 1002 and 1004
discussed already with reference to method 1000, and thus their description is not
repeated here.

[0070] Method 1100 continues with step 1106 where a series of solutions containing
tagged probe molecules are loaded into a channel connected to the microfluidic
channel(s). The probe solutions may be loaded sequentially into a syringe or into plastic
tubing that eventually leads to the microfluidic channel(s). The probe solutions may be
loaded such that each probe solution contacts neighboring probe solutions (e.g., forming a
liquid interface) within the channel as they are all flown together through the channel. In
another embodiment, the probe solutions may be loaded such that there is space between
each probe solution in the channel. The space may be filled with air, or with another
solution, such as a buffer solution.

[0071] Method 1100 continues with step 1108 where the fluorescently tagged probe
molecules are flown over the tissue sample. The flow may be pressure driven, and the
probe molecules may flow in a serial manner over the tissue sample. The flow rate may
be adjusted to change the amount of time each probe solution is present over the tissue
sample. The time a given probe solution remains over the sample may by on the order of
seconds, such as, for example, between 10 and 30 seconds. High-throughput detection of
multiple binding activities may be achieved by sequentially flowing any number of
fluorescently tagged probe molecules across the tissue sample.

[0072] Method 1100 continues with step 1110 where light fluorescing from tagged probe
molecules present at the sample is received at a lens arrangement positioned beneath the

sample holding region. Method 1100 then continues with step 1112 where the light
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received at the lens arrangement is detected using a sensor array. These steps are similar
to steps 1008 and 1010 discussed already with reference to method 1000, and thus their

description is not repeated here.

Closing Remarks

It is to be appreciated that the Detailed Description section, and not the Summary
and Abstract sections, is intended to be used to interpret the claims. The Summary and
Abstract sections may set forth one or more but not all exemplary embodiments of the
present invention as contemplated by the inventor(s), and thus, are not intended to limit
the present invention and the appended claims in any way.

Embodiments of the present invention have been described above with the aid of
functional building blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the description. Alternate boundaries
can be defined so long as the specified functions and relationships thereof are
appropriately performed.

The foregoing description of the specific embodiments will so fully reveal the
general nature of the invention that others can, by applying knowledge within the skill of
the art, readily modify and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are intended to be within the
meaning and range of equivalents of the disclosed embodiments, based on the teaching
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light
of the teachings and guidance.

The breadth and scope of the present invention should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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WHAT IS CLAIMED IS:

An optical imaging system, comprising:

a frame configured to provide mechanical coupling between a first stage and a
second stage;

a sample holding region located on the first stage;

a lens arrangement disposed between the first stage and the second stage, the lens
arrangement configured to receive light from a sample at the sample holding region on
the first stage, wherein the lens arrangement has a numerical aperture less than 0.1; and

a sensor array coupled to the second stage and configured to receive light passing

through the lens arrangement.

The optical imaging system of claim 1, wherein the lens arrangement comprises a

telecentric lens.

The optical imaging system of claim 1 or 2, further comprising a housing coupled to the

second stage and configured to house the lens arrangement.

The optical imaging system of claim 3, wherein the housing further comprises one or

more of a bandpass filter, a longpass filter, or a polarization filter.

The optical imaging system of claim 3 or 4, wherein the housing includes an opening
along a side of the housing such that light received at the opening is directed towards the

sample holding region.

The optical imaging system of claim 5, wherein the housing includes an angled filter
configured to reflect the light received at the opening and pass the light received from the

sample.

The optical imaging system of any preceding claim, wherein the lens arrangement

comprises a plurality of lenses.
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The optical imaging system of any preceding claim, wherein the sensor array comprises a

CMOS sensor array.

The optical imaging system of any preceding claim, further comprising a light source

configured to provide excitation light towards the sample holding region.

The optical imaging system of any preceding claim, wherein the first stage includes one
or more of a bandpass filter, a longpass filter, or a polarization filter disposed beneath the

sample holding region.

A method of capturing fluorescent images of a sample, comprising:

disposing the sample over a sample holding region on a stage;

disposing a substrate comprising a plurality of microfluidic channels over the
sample;

flowing a solution comprising fluorescently tagged probe molecules through the
plurality of microfluidic channels, such that the solution contacts the sample;

receiving light fluorescing from the fluorescently tagged probe molecules bound
to the sample using a lens arrangement disposed beneath the stage, the lens arrangement
having a numerical aperture less than 0.1; and

detecting the light fluorescing from the fluorescently tagged probe molecules at a

detector disposed optically downstream from the lens arrangement.

The method of claim 11, further comprising disposing a prism block over the substrate.

The method of claim 12, further comprising directing excitation light through the prism

block towards the sample holding region.

The method of any one of claims 11-13, wherein the flowing comprises flowing the

solution at a substantially constant flow rate through a plurality of microfluidic channels.

The method of any one of claims 11-14, wherein the detecting comprises detecting the

light fluorescing from the tagged biomolecules at a CMOS sensor array.
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The method of any one of claims 11-15, further comprising filtering light received by the
lens arrangement using at least one of a bandpass filter, longpass filter, or polarization

filter.

The method of any one of claims 11-16, wherein the flowing comprises flowing the

solution via an applied pressure.

The method of any one of claims 11-17, wherein the lens arrangement comprises a

telecentric lens.

The method of any one of claims 11-18, further comprising directing excitation light

through the lens arrangement towards the sample holding region.

An optical imaging system, comprising:

a frame configured to provide mechanical coupling between a first stage and a
second stage;

a sample holding region located on the first stage;

a substrate disposed over a sample located at the sample holding region, the
substrate comprising a plurality of microfluidic channels;

a lens arrangement disposed between the first stage and the second stage, the lens
arrangement configured to receive light from the sample at the sample holding region on
the first stage, wherein the lens arrangement has a numerical aperture less than 0.1; and

a sensor array coupled to the second stage and configured to receive light passing

through the lens arrangement.

The optical imaging system of claim 20, wherein the plurality of microfluidic channels
comprises a plurality of parallel microfluidic channels having lengths orientated in a first
direction, wherein a width of each channel in the plurality of parallel microfluidic
channels increases with increasing distance along a second direction perpendicular to the

first direction from a center channel of the plurality of parallel microfluidic channels.

The optical imaging system of claim 20 or 21, wherein the plurality of microfluidic

channels comprises a network of branching microfluidic channels, wherein the network of



23.

24.

25.

26.

27.

28.

WO 2019/226897 PCT/US2019/033755

-22 -

branching microfluidic channels comprises a plurality of microfluidic channels that
terminates into a single fluidic channel having a width that spans at least a width of the

network of branching microfluidic channels.

A method of detecting cell binding reactions, comprising:

sequentially loading a plurality of probe solutions into a first channel, wherein
each of the plurality of probe solutions comprises fluorescently tagged probe molecules,
and wherein the plurality of probe solutions are substantially separated from one another
within the first channel;

flowing the plurality of probe solutions sequentially through the first channel and
into a second channel located above a sample, such that the plurality of probe solutions
contact the sample when present in the second channel;

receiving light fluorescing from the fluorescently tagged probe molecules present
at the sample using a lens arrangement disposed beneath the sample; and

detecting the light fluorescing from the fluorescently tagged probe molecules at a

detector disposed optically downstream from the lens arrangement.

The method of claim 23, wherein the flowing comprises flowing the plurality of probe

solutions at a substantially constant flow rate through a plurality of microfluidic channels.

The method of claim 23 or 24, wherein the detecting comprises detecting the light

fluorescing from the tagged biomolecules at a CMOS sensor array.

The method of any one of claims 23-25, further comprising filtering light received by the
lens arrangement using at least one of a bandpass filter, longpass filter, or polarization

filter.

The method of any one of claims 23-26, wherein the flowing comprises flowing the

plurality of probe solutions via an applied pressure.

The method of any one of claims 23-27, wherein the lens arrangement comprises a

telecentric lens.
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The method of any one of claims 23-28, wherein the sample is a disease tissue sample.

The method of any one of claims 23-29, wherein the sample is a biopsy tissue sample.

The method of any one of claims 23-30, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise antibodies.

The method of any one of claims 23-31, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise proteins.

The method of any one of claims 23-32, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise DNA.

The method of any one of claims 23-33, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise RNA.

The method of any one of claims 23-34, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise enzymes.

The method of any one of claims 23-35, wherein the fluorescently tagged probe

molecules in one or more of the plurality of probe solutions comprise cells.

The method of any one of claims 23-36, wherein the fluorescently tagged probe

molecules within a given probe solution of the plurality of probe solutions are identical.
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