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DEVICES, SYSTEMS, AND METHODS FOR HIGH THROUGHPUT
SINGLE CELL ANALYSIS

CROSS-REFERENCE
[1] This application claims the benefit of U.S. Provisional Application No. 62/574,865, filed on

October 20, 2017, which application is incorporated herein by reference.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
[2] This invention was made with the support of the United States government under Federal
Grant Nos. R2ZGM111584 and RO1GM 123542 awarded by the National Institutes of Health. The

Federal Government has certain rights to this invention.

BACKGROUND

[3] Single cell analysis techniques may enable ground-breaking advances in a variety of basic
research and clinical applications. For example, single cell analysis has the potential to enable rapid
identification of rare, drug resistant cells in cases where conventional cell culture techniques require
weeks or months of experimentation. However, no existing single cell analysis platform provides
high capture efficiency in a cell trapping architecture that is compatible with the long-term cell
culture, high-throughput microscopy, automated image processing, biochemical assay, and genomic
analysis techniques that allow for large datasets to be efficiently analyzed. Thus, there is a need for
improved methods of trapping and compartmentalizing single cells for subsequent phenotypic,

biochemical, physiological, genetic, genomic, and/or proteomic analysis.

SUMMARY
[4] Disclosed herein are microfluidic devices comprising: a) a plurality of weir-traps disposed
between, and in fluid communication with, at least one fluid inlet and at least one fluid outlet,
wherein each weir-trap is configured to retain an object suspended in a fluid passing through the
microfluidic device, and wherein: 1) each weir-trap comprises a constriction in at least one
dimension that is less than about one third of a smallest dimension of the object; and ii) a ratio of a
fluidic resistance of a fluid flow path that bypasses a weir-trap to that for a fluid flow path passing
through the weir-trap is at least 0.4.
[5] In some embodiments, the ratio of fluidic resistance is at least 0.5. In some embodiments,
the ratio of fluidic resistance is at least 0.75. In some embodiments, the ratio of fluidic resistance is

at least 1.0. In some embodiments, the ratio of fluidic resistance is at least 1.25.
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[6] Also disclosed herein are microfluidic devices comprising: a) a plurality of weir-traps
disposed between, and in fluid communication with, at least one fluid inlet and at least one fluid
outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing through
the microfluidic device, and wherein: 1) each weir-trap comprises an entrance region, an interior
region, and an exit region that collectively constitute an interior fluid flow path through the weir-trap
that has a fluidic resistance, Rr; ii) each weir-trap in a majority of the weir-traps is in fluid
communication with one long bypass fluid flow channel having a fluidic resistance, Ra, and with
one or two short bypass fluid flow channels each having a fluidic resistance that is less than Ra,
wherein each bypass fluid flow channel connects the exit region of the weir-trap to the entrance
region of another weir-trap; and iii) a ratio Ra/Rr is at least 1.0.

[7] Additionally, disclosed herein are microfluidic devices comprising: a) a plurality of weir-
traps disposed between, and in fluid communication with, at least one fluid inlet and at least one
fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
through the microfluidic device, and wherein: 1) each weir-trap comprises an entrance region, an
interior region, and an exit region that collectively constitute an interior fluid flow path through the
weir-trap that has a fluidic resistance, Rr; i1) each weir-trap in a majority of the weir-traps is in fluid
communication with one long bypass fluid flow channel having a fluidic resistance, Ra, and with
one or two short bypass fluid flow channels each having a fluidic resistance that is less than Ra,
wherein each bypass fluid flow channel connects the exit region of the weir-trap to the entrance
region of another weir-trap; and iii) fluid flows through an adjacent short bypass channel in a first
direction if a weir-trap is unoccupied, and in a second direction if the weir-trap is occupied by an
object.

[8] In some embodiments, the ratio Ra/Rt is at least 1.1. In some embodiments, the ratio Ra/Rt
is at least 1.2. In some embodiments, the ratio Ra/Rr is at least 1.3. In some embodiments, the ratio
Ra/Rris at least 1.4. In some embodiments, the ratio Ra/Rr is at least 1.45. In some embodiments,
each weir-trap comprises at least one constriction that has a spatial dimension that is less than about
one half of the smallest dimension of the object. In some embodiments, each weir-trap comprises at
least one constriction that has a spatial dimension that is less than about one third of the smallest
dimension of the suspended objects. In some embodiments, each weir-trap comprises at least one
constriction that has a spatial dimension that ranges from about 1.5 um to about 6 pm. In some
embodiments, the ratio Ra/Rr is at least 1.2 and a capture probability for an individual weir-trap
retaining a suspended object on first contact is at least 0.36. In some embodiments, the ratio Ra/Rt

is at least 1.45 and a capture probability for an individual weir-trap retaining a suspended object on
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first contact is at least 0.60. In some embodiments, each weir-trap comprises a frit structure within
the exit region, and wherein the frit structure comprises one or more constrictions that have a spatial
dimension that is smaller than the smallest dimension of the suspended objects. In some
embodiments, the plurality of weir-traps comprises at least 100 weir traps. In some embodiments,
the plurality of weir-traps comprises at least 1,000 weir traps. In some embodiments, the plurality of
weir-traps comprises at least 10,000 weir traps. In some embodiments, a pre-saturation trapping
efficiency for trapping the suspended objects is at least 20%. In some embodiments, the plurality of
weir-traps comprises at least 100,000 weir traps. In some embodiments, a pre-saturation trapping
efficiency for trapping the suspended objects is at least 50%. In some embodiments, a pre-saturation
trapping efficiency for trapping the suspended objects is at least 80%. In some embodiments, a pre-
saturation trapping efficiency for trapping the suspended objects is at least 90%. In some
embodiments, a pre-saturation trapping efficiency for trapping the suspended objects is at least 95%.
In some embodiments, a pre-saturation trapping efficiency for trapping the suspended objects is at
least 98%. In some embodiments, the microfluidic device further comprises: b) a removable lid. In
some embodiments, an interior region of one or more weir-traps comprises a unique molecular
identifier (or barcode) that may be bound to or hybridized to molecular components of a cell upon
lysis of a cell within the interior region of a weir-trap.

9] Disclosed herein are methods for trapping objects suspended in a fluid, the methods
comprising: a) providing a microfluidic device of any embodiments described herein; and b) flowing
a fluid comprising the objects through the microfluidic device to trap objects in one or more of the
plurality of weir-traps.

[10] In some embodiments, each weir-trap comprises a frit structure within an exit region, and
wherein the frit structure comprises one or more constrictions that have a spatial dimension that is
smaller than the smallest dimension of the objects. In some embodiments, the flowing in (b) is
performed at a first hydrodynamic pressure, thereby trapping an object in a constriction in an
entrance region of one or more weir-traps. In some embodiments, the objects comprise deformable
objects, and wherein the method further comprises subjecting the object(s) trapped in the
constriction in the entrance region(s) of one or more weir-traps to a second hydrodynamic pressure
that is higher than the first hydrodynamic pressure, thereby forcing the deformable object(s) through
the constriction in the entrance region(s) and into an interior region of the one or more weir-traps. In
some embodiments, the first hydrodynamic pressure ranges from about 1 to about 100 mbar. In
some embodiments, the second hydrodynamic pressure ranges from about 100 mbar to about 1,000

mbar. In some embodiments, the ratio of the second hydrodynamic pressure to the first
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hydrodynamic pressure ranges from about 10x to about 20x. In some embodiments, the objects are
cells or beads. In some embodiments, the flowing in (b) is repeated at least once, thereby allowing
at least two objects to be confined within the interior region(s) of one or more weir-traps. In some
embodiments, the flowing in (b) is repeated at least once using a fluid that comprises the same
objects as that used in the first instance. In some embodiments, the flowing in (b) is repeated at least
once using a fluid that comprises different objects than that used in the first instance. In some
embodiments, the at least two objects confined within the interior region(s) of one or more weir-
traps comprise at least two of the same cells, at least two different cells, at least two of the same
beads, at least two different beads, or at least one cell and one bead. In some embodiments, the
method further comprises sealing the plurality of weir-traps by flowing an immiscible fluid through
the microfluidic device. In some embodiments, the immiscible fluid is oil or air. In some
embodiments, the objects are cells, and the cells are cultured within the interior region(s) of the one
or more weir-traps for a period of one or more days. In some embodiments, the cells are cultured
within the interior region(s) of the one or more weir-traps for a period of one or more weeks. In
some embodiments, the cells are cultured within the interior region(s) of the one or more weir-traps
for a period of one or more months. In some embodiments, the objects are cells, and wherein the
method further comprises the use of an imaging technique to phenotype cells within the interior
region(s) of the one or more weir-traps. In some embodiments, the imaging technique is selected
from the group consisting of bright-field imaging, fluorescence imaging, two-photon fluorescence
imaging, or any combination thereof. In some embodiments, the interior regions of the plurality of
weir-traps each comprise unique molecular identifiers that may be bound or hybridized to molecular
components of a cell upon lysis of a cell within the interior region of a weir-trap. In some
embodiments, the molecular components comprise proteins, peptides, DNA molecules, RNA
molecules, mRNA molecules, or any combination thereof. In some embodiments, the unique
molecular identifiers (or barcodes) are used to perform DNA sequencing, gene expression analysis,
or chromatin analysis. In some embodiments, an externally-applied electric field is used to facilitate
hybridization of nucleic acid molecular components to the unique molecular identifiers. In some
embodiments, the microfluidic device further comprises a removable lid. In some embodiments, the
deformable objects are cells, and following the trapping of cell(s) in the interior region(s) of one or
more weir-traps, a biocompatible hydrogel is infused into the microfluidic device and allowed to
polymerize. In some embodiments, following the polymerization of the hydrogel, the lid of the

microfluidic device is removed to allow access to the trapped cells. In some embodiments, the
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biocompatible hydrogel is used to confine the genomic material of a trapped cell upon lysis of the

cell.

INCORPORATION BY REFERENCE
[11] All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference in their entirety to the same extent as if each individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by reference in
its entirety. In the event of a conflict between a term herein and a term in an incorporated reference,

the term herein controls.

BRIEF DESCRIPTION OF THE DRAWINGS
[12] The novel features of the invention are set forth with particularity in the appended claims. A
better understanding of the features and advantages of the present invention will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the accompanying drawings of which:
[13] FIG. 1 illustrates a microfluidic device comprising a ladder-like network of trapping features
(constrictions) and interconnecting bypass fluid channels.
[14] FIGS. 2A and 2B illustrate two different flow regimes in microfluidic devices of similar
design comprising a ladder-like network of trapping features and interconnecting fluid bypass
channels. In this non-limiting example, the trapping features comprise frits in their exit regions.
FIG. 2A illustrates the flow through the device when the internal flow path through a trapping
feature has a higher hydrodynamic flow resistance than that for a serpentine bypass fluid channel.
FIG. 2B illustrates the flow through the device when the internal flow path through a trapping
feature has a lower hydrodynamic flow resistance than that for a serpentine bypass fluid channel.
[15] FIG. 3 illustrates the equivalent resistance circuit for the ladder-like networks of trapping
features and interconnecting fluid channels shown in FIG. 1 and FIGS. 2A and 2B.
[16] FIGS. 4A and 4B illustrate two different flow regimes in microfluidic devices of similar
design comprising a mesh-like network of trapping features and interconnecting fluid channels.
FIG. 4A illustrates the flow through the device when the internal flow path through a trapping
feature has a higher hydrodynamic flow resistance than that for a serpentine bypass fluid channel.
FIG. 4B illustrates the flow through the device when the internal flow path through a trapping

feature has a lower hydrodynamic flow resistance than that for a serpentine bypass fluid channel.
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[17] FIG. 5 illustrates the equivalent resistance circuit for the mesh-like network of trapping
features and interconnecting fluid channels shown in FIGS. 4A and 4B.

[18] FIG. 6 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 0.42

[19] FIG. 7 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.2.

[20] FIG. 8 illustrates a ladder network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.2.

[21] FIG. 9 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.45.

[22] FIG. 10 illustrates a ladder network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.45.

[23] FIG. 11 illustrates a mesh network trapping geometry where the weir-traps comprise an
interior flow path with a small volume (i.e., the traps have no significant “interior region”).

[24] FIG. 12 illustrates one non-limiting example of a ladder network trapping geometry that has
an interior flow path that does not have frits at the back side.

[25] FIG. 13 illustrates one non-limiting example of a mesh network trapping geometry that has
an interior flow path that does not have frits at the back side.

[26] FIG. 14 provides a schematic illustration of an artificial neural network.

[27] FIG. 15 provides a schematic illustration of the functionality of a node within a layer of an
artificial neural network.

[28] FIGS. 16A - 16D show plots of capture percentage vs. row number for four different
microfluidic devices comprising different ratios of the flow resistance through internal flow paths
through trapping features and serpentine bypass fluid channels. FIG. 16A: plot for a microfluidic
device in which the ratio of hydrodynamic flow resistance through a serpentine bypass channel to
that for the flow path through a trapping feature (Ra/Rt) = 0.25. FIG. 16B: plot for a microfluidic
device for which Ra/RT =0.42. FIG. 16C: plot for a microfluidic device for which Ra/Rt = 1.20.
FIG. 16D: plot for a microfluidic device for which Ra/Rt = 1.45.

[29] FIGS. 17A - 17D show heat maps of the distribution of occupied traps for the four
microfluidic devices that exhibit the capture percentage curves shown in FIGS. 16A - 16D. FIG.
17A: heat map for a microfluidic device for which Ra/Rr=0.25. FIG. 17B: heat map for a
microfluidic device for which Ra/Rr=0.42. FIG. 17C: heat map for a microfluidic device for

which Ra/Rt = 1.20. FIG. 17D: heat map for a microfluidic device for which Ra/Rt = 1.45.
-6-
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[30] FIG. 18 shows a series of time lapse images of a single cell colony growing inside a
microfluidic chamber. The centers of the cells are identified using a machine learning-based image
processing algorithm, and are depicted as small dots.

[31] FIG. 19 provides a non-limiting example of growth curves obtained using a machine
learning-based analysis of images of cells grown within a microfluidic device of the present
disclosure.

[32] FIG. 20 show plots of growth rate data for K562 cells grown in a microfluidic device of the
present disclosure, including data for a control and for cells grown in the presence of 0.1uM, 0.3uM,
and 0.5uM Imatinib.

[33] FIG. 21 shows a series of time lapse images of four cell colonies growing inside adjacent
microfluidic chambers.

[34] FIGS. 22A and 22B show images of MOLM 13 cells grown in the presence of Quizartinib
(FIG. 22A) or a control medium (FIG. 22B). A single clone is observed to grow out in the presence
of the drug.

[35] FIGS. 23A and 23B illustrate the use of image segmentation-based machine learning
algorithms to identify individual cells as well as identifiers and markers on the microfluidic chip.
FIG. 23A: bright-field image. FIG. 23B: a computer-generated color image is overlaid on the
bright-field image, and shows the identification of markers on the chip, different instances of cells
that have been classified using a machine learning-based analysis, the boundaries of the individual
cells, and quality scores of the degree of confidence in the prediction of whether the object detected
is a cell.

[36] FIG. 24 shows and image of an array of single cells trapped within microfluidic chambers,
after which air is blown through the fluid channels to seal the chambers.

[37] FIG. 25 shows an overlay of fluorescent and bright-field images that shows the hybridization
of fluorescently-labeled target probes to oligonucleotide capture probes that are patterned inside the
microfluidic chips.

[38] FIGS. 26A - 26C illustrate a process for forming single cell arrays. Single cell arrays are
formed by flowing cells into an array along with a curable hydrogel (FIG. 26A), after which the lid
can be peeled away (FIG. 26B) to provide access to the sample (FIG. 26C).

[39] FIGS. 27A and 27B provide a non-limiting example of a microfluidic device comprising
multiple trapping features for the capture of single cells or other objects suspended in a fluid. FIG.

27A: photograph of a microfluidic device comprising a 100 x 100 array of trapping features and
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microfluidic chambers. FIG. 27B: micrograph of the trapping features and fluid chambers within a
microfluidic device of the present disclosure.

[40] FIGS. 28A - 28D provide examples of the flow profile through a trap for a low efficiency
trapping device that was used in proof-of-principle work, as well as data for single cell trapping
efficiency. FIG. 28A: calculated fluid flow velocity through a single trap of the device. FIG. 28B:
micrograph showing a single trap of the device. FIG. 28C: heatmap showing the single cell trapping
efficiency for the 10,000 compartments within the device. FIG. 28D: pie chart showing the
distribution of microfluidic chambers within which 0, 1, 2, or 3 or more cells were trapped.

[41] FIG. 29 shows a stitched fluorescent image of a cell array (cells are labeled with FITC cell
tracker dye). Inset: enlarged overlay of fluorescent and bright-field images showing individual cells
trapped within the device.

[42] FIGS. 30A - 30C show non-limiting examples of images that demonstrate the ability to print
chemicals to specific cells in the array, which is made possible by the open architecture of the
microfluidic device. FIG. 30A: two side by side patterns printed within a single cell array using a
fluorescent label. FIG. 30B: pattern printed to specific cells within a cell array using a fluorescent

label. FIG. 30C: pattern printed to specific cells within a cell array using a fluorescent label.

DETAILED DESCRIPTION
[43] The present disclosure provides novel microfluidic device designs based on mesh-like
networks of cell trapping features and interconnecting fluid channels that enable highly efficient
trapping of single cells or other objects suspended in a fluid, and that are compatible with on-chip
cell compartmentalization and culturing techniques, high throughput microscopy and automated
image processing techniques, and biochemical assay or genomic analysis techniques.
[44] In one aspect, the disclosed microfluidic devices enable highly efficient trapping of single
cells or other objects by employing designs that exploit a previously unrecognized trait of ladder and
mesh fluidic networks. By tuning the relative fluidic resistances of flow paths in a hydrodynamic
fluidic circuit comprising a plurality of trapping features and at least two different types of
interconnecting bypass channels, the direction of flow of the fluid within the nearest bypass channels
is towards (rather than away from) the cell traps such that every cell or object is forced into the first
trap that it encounters.
[45] In another aspect, the disclosed microfluidic devices enable compartmentalization of single
cells and short-term or long-term on-chip cell culturing by employing weir-trap designs that

comprise an entrance region, an optional interior region, and an exit region that collectively
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constitute an interior fluid flow path through the weir-trap. In some aspects, the interior region has a
dimension and/or volume that is larger than the cells or objects to be trapped, and thus may be used
for compartmentalization and/or culturing of single cells. Methods for trapping cells or objects
within the entrance regions of a plurality of traps (e.g., using a relatively low hydrodynamic pressure
drop across the device to drive fluid flow), and subsequently forcing the trapped cells or objects into
the interior regions of the plurality of traps (e.g., using a pulse of relatively high hydrodynamic
pressure) are also described.

[46] In some aspects of the present disclosure, single cells or objects that have been trapped
within the entrance regions or the interior regions of weir-traps may be further isolated or
compartmentalized by flowing an immiscible fluid (e.g., oil or air) through the device following the
trapping step. In some aspects, such isolation steps may be used to further facilitate subsequent
biochemical, physiological, genetic, genomic, and/or proteomic analysis of trapped cells.

[47] In some aspects of the present disclosure, the disclosed microfluidic single cell trapping
devices may comprise a removable lid, and single cells or objects that have been trapped within the
entrance regions or the interior regions of weir-traps may be further isolated or compartmentalized
by flowing the soluble components required for formation of a semi-porous hydrogel into the device
and then triggering a polymerization step. Removal of the lid then enables direct access to
individual cells (or other objects) within the array of traps to facilitate subsequent biochemical,
physiological, genetic, genomic, and/or proteomic analysis. In some aspects, removal of the lid to
enable direct access to individual cells (or other objects) within the array of traps may be used to
facilitate removal of selected cells (or other objects) from the array.

[48] In some aspects of the present disclosure, machine learning-based image analysis may be
used to identify and classify individual cells that have been trapped within an array of weir-traps
based on phenotypic traits.

[49] In some aspects of the present disclosure, the interior regions of the weir-traps in the
microfluidic single cell trapping devices may comprise a set of pre-selected capture or detection
reagents (e.g., antibodies directed to specific cell surface antigens) or barcoding reagents (e.g.,
oligonucleotide barcodes) that have been tethered, immobilized, synthesized, or printed within the
weir-traps. For example, in some aspects the disclosed microfluidic devices may enable massively
parallel barcoding for genomic analysis of single cells by printing DNA barcodes next to each cell,
as will be discussed in more detail below.

[S0] The microfluidic devices, and associated methods and systems, provided herein thus allow

for parallel single cell analysis at each step, including but not limited to: (1) methods for organizing
9-



WO 2019/079399 PCT/US2018/056221

an array of cells (and/or other objects) at high density, and capturing a majority of the cells
transferred into a device; (2) methods for compartmentalizing single cells in impermeable or semi-
permeable containers, or trapping them inside a semi-porous hydrogel; (3) methods for phenotyping
cells via high resolution image-based analysis over short or long periods of time; and (4) methods for
performing subsequent biochemical, physiological, genetic, genomic, and/or proteomic analysis.
The disclosed methods, devices, and systems are enabling for a variety of basic research and clinical
applications. For example, they may potentially be used to implement new approaches to validating
drug safety and efficacy, or new methods for selecting better patent therapies. The disclosed
methods, devices, and systems can be used for conducting highly parallel experiments which are
necessary to identify and analyze the heterogeneity in cellular behavior, and in particular the
identification of rare outliers that have clinical relevance. For example, the rare fraction of cells that
are resistant to a drug are a strong indicator of the tendency of that drug treatment to enable the
outgrowth of drug resistant clones, leading to tumor recurrence. Likewise, the disclosed methods,
devices, and systems can be used to study heterogeneity in stem cell differentiation during exposure
to different biochemical signaling molecules and other chemical agents. The disclosed methods,
devices, and systems can also be used to study the interactions between different types of cells, such
as immune cells interacting with cancer cells in the presence of checkpoint inhibitors, and other
antibody therapies. The disclosed methods, devices, and systems can also be used to quickly
identify cells that are particularly adept at producing desired proteins, enzymes, or other biological
products. The disclosed methods, devices, and systems can also be used to establish multi-parameter
datasets that includes both the functional measurements described above, and is linked to genomic
measurements from those same cells or single cell derived colonies. The types of genomic
measurements that can be conducted on these cells include mRNA expression analysis, antibody
receptor analysis, DNA mutation analysis, splice variant analysis, epigenetic assays based on
chromatin restriction, methylation states, as well as higher order chromosomal arrangements.

[51] Various aspects of the methods, devices, and systems described herein may be applied to any
of the particular applications set forth below or for any other types of single cell analysis
applications. It shall be understood that different aspects of the disclosure can be appreciated

individually, collectively, or in combination with each other.

[52] Definitions: Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art in the field to which this

disclosure belongs.
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[P L INT3

[S3] As used in this specification and the appended claims, the singular forms “a”, “an”, and “the”
include plural references unless the context clearly dictates otherwise. Any reference to “or”” herein
is intended to encompass “and/or” unless otherwise stated.

[54] As used herein, the term ‘about’ a number refers to that number plus or minus 10% of that
number. The term ‘about’ when used in the context of a range refers to that range minus 10% of its
lowest value and plus 10% of its greatest value.

[55] As used herein, the terms “trap”, “trapping feature”, “cell trap”, and “weir-trap” are used
interchangeably, and may refer to a feature comprising a constriction in one or two dimensions
within a fluid channel that is designed to retain or trap cells or other objects suspended in a fluid. In
some instances, a trap may comprise an entrance region, optionally, an interior region, and an exit
region, at least one of which comprises a constriction. In some instances an interior region of the
trap may be significantly larger in at least one or two dimensions than the entrance region and/or exit
region, and may be configured to compartmentalize individual cells that have been trapped.

[56] As used herein, the term “object” generally refers to a cell or fragment thereof (e.g., a cellular
organelle such as a cell nucleus, mitochondrion, or exosome), an organism (e.g., a bacterium), a
bead, a particle, a droplet (e.g., a liquid droplet), or in plural form, may refer to any combination
thereof.

[57]  As used herein, the term “cell” generally refers to any of a variety of cells known to those of
skill in the art. In some aspects, the term “cell” may refer to any adherent and non-adherent
eukaryotic cell, mammalian cell, a primary or immortalized human cell or cell line, a primary or
immortalized rodent cell or cell line, a cancer cell, a normal or diseased human cell derived from any
of a variety of different organs or tissue types (e.g., a white blood cell, red blood cell, platelet,
epithelial cell, endothelial cell, neuron, glial cell, astrocyte, fibroblast, skeletal muscle cell, smooth
muscle cell, gamete, or cell from the heart, lungs, brain, liver, kidney, spleen, pancreas, thymus,
bladder, stomach, colon, small intestine), a distinct cell subset such as an immune cell, a CD8* T
cell, CD4* T cell, CD44%8h/CD24°% cancer stem cell, Lgr5/6* stem cell, undifferentiated human
stem cell, a human stem cell that has been induced to differentiate, a rare cell (e.g., a circulating
tumor cell (CTC), a circulating epithelial cell, a circulating endothelial cell, a circulating endometrial
cell, a bone marrow cell, a progenitor cell, a foam cell, a mesenchymal cell, or a trophoblast), an
animal cell (e.g., mouse, rat, pig, dog, cow, or horse), a plant cell, a yeast cell, a fungal cell, a
bacterial cell, an algae cell, an adherent or non-adherent prokaryotic cell, or in plural form, any
combination thereof. In some aspects, the term “cell” may refer to an immune cell, e.g., a T cell, a

cytotoxic (killer) T cell, a helper T cell, an alpha beta T cell, a gamma delta T cell, a T cell
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progenitor, a B cell, a B-cell progenitor, a lymphoid stem cell, a myeloid progenitor cell, a
lymphocyte, a granulocyte, a Natural Killer cell, a plasma cell, a memory cell, a neutrophil, an
eosinophil, a basophil, a mast cell, a monocyte, a dendritic cell, and/or a macrophage, or in plural
form, to any combination thereof.

[S8] As used herein, the term “bead” generally refers to any type of solid, porous, or hollow
spherical, non-spherical, or irregularly-shaped object composed of glass, plastic, ceramic, metal, a
polymeric material, or any combination thereof. In some aspects, the term “bead” may refer to a
silica bead, a silica gel bead, a controlled pore glass bead, a magnetic bead (e.g., a Dynabead), a
Wang resin bead, a Merrifield resin bead, an agarose bead, a Sephadex bead, a Sepharose bead, a
cellulose bead, a polystyrene bead, efc., or in plural form, may refer to any combination thereof. In
some aspects, a bead may comprise tethered or immobilized capture, detection, or barcoding
reagents, e.g., antibodies, cytokine-specific antibodies, chemokine-specific antibodies, growth
factor-specific antibodies, enzymes, enzyme substrates, avidin or streptavidin, protein A, protein G,
other proteins, small molecules, glycoproteins, drug molecules, polysaccharides, fluorophores,
oligonucleotides, oligonucleotide aptamers, oligonucleotide barcodes, or any combination thereof.
In some instances, a bead may be a cytokine-sensing bead such as multiplexed Luminex XMAP®
immuno-assay beads sold by Thermo Fischer (Waltham, MA), which can be used to detect from 3 to
30 different cytokines and growth factors. In some aspects, the diameter or average diameter of a
bead may be at least 0.5 um, at least 1pm, at least Sum, at least 10um, at least 15um, at least 20um,
at least 25um, at least 30pm, at least 35um, at least 40um, at least 45um, or at least SOum.

[59]1 Microfluidic device designs for efficient trapping of single cells: As noted above, in one
aspect the present disclosure provides microfluidic devices that enable highly efficient trapping of
single cells or other objects by employing designs that exploit a previously unrecognized trait of
mesh fluidic networks. Tuning the relative fluidic resistances of flow paths in a hydrodynamic
fluidic circuit comprising a plurality of trapping features and at least two different types of
interconnecting bypass channels ensures that all fluid flow streamlines go through the trap, thereby
ensuring that every cell is forced into the first trap that it encounters. This phenomenon is achieved
by adjusting the hydrodynamic resistance through the trap, R (i.e., the fluidic resistance of the entire
trap geometry spanning the distance from the entry point to the exit point of a single trap) relative to
the fluidic resistance through one or more short bypass channel sections, Rg, and a communal long
bypass channel section, Ra, with the requirement that Rt < Ra. After a cell has been trapped, the

local ratio of fluidic resistances changes in a manner such that the direction of fluid flow in the
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adjoining bypass channels reverses and flows away from the cell trap, thereby causing the next
approaching cell to move towards the next available trap. In this manner, the traps within the array
are populated sequentially in the order that cells are introduced, which in principle allows the
disclosed devices to achieve near perfect efficiency in trapping single cells. The disclosed devices
are thus ideally suited for handling small cell samples where high trapping efficiencies are critical.
[60] The disclosed device designs are based on mesh-like networks of fluid channels. In some
aspects, the devices comprise: a) a microfluidic network having at least one inlet and at least one
outlet; b) a plurality of microfluidic constrictions (or “traps”), wherein a dimension of the
constriction is smaller than a dimension of a suspended object contained within the fluid, and
disposed so as to capture suspended objects flowing into the constriction; ¢) each microfluidic
constriction comprising an entrance point or region and an exit point or region, and optionally, an
interior region, d) the exit point of said microfluidic constriction is in direct fluidic connection with
at least two additional microfluidic constrictions; €) the pressure at the exit point of said microfluidic
constriction is higher than the pressure at the entrance point of either downstream microfluidic
constriction when said microfluidic constriction has not yet captured a suspended object; and f) the
pressure at the exit point of said microfluidic constriction is lower than the pressure at the entrance
point of at least one of the downstream microfluidic constriction when said microfluidic constriction
has captured a suspended object. In some aspects, the exit region of the constrictions or traps may
comprise a frit, e.g., a series of columnar features having a spacing that is sufficiently small to
prevent cells or other objects from leaving an interior region of the constriction or trap.

[61] FIG. 1 illustrates a microfluidic device comprising an “infinite” ladder-like network of
trapping features (each comprising a constricted entry point (or entrance region), an interior region,
and an exit point) and an interconnecting set of bypass fluid channels. FIGS. 2A and 2B illustrate
similar ladder-like fluidic networks where the trapping features each comprise a frit within the exit
point (or exit region). The fluidic resistance of the flow path through the trap, Rt, comprises the
fluidic resistance of the entire trap geometry spanning the distance from the entry point through an
interior region of the trap to the exit point of the trap. Two types of bypass fluid channels are
indicated in FIG. 1 and FIGS. 2A-B - a long, communal bypass channel comprising a fluidic
resistance, Ra, (where, optionally, the bypass channel has a serpentine layout) and a shorter
interconnecting bypass channel comprising a fluidic resistance, Rg. The long bypass channels
comprising a fluidic resistance, Ra, are generally aligned with the direction of net flow through the
device, while the short bypass channels comprising a fluidic resistance, Rg, are generally aligned

perpendicularly to the direction of net flow through the device. In some instances, there may be
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more than one type of short bypass channel comprising fluidic resistances of Rg1, R, ..., where Rpi,
Rpo, ..., may be different from each other but will each be less than Ra. The equivalent resistor
circuit for the fluidic devices illustrated in FIG. 1 and FIGS. 2A-B is shown in FIG. 3, and
comprises a series of pressure nodes, Pij, linked by the fluidic resistances Rt, Ra, and Rg.

[62] For the infinite ladder fluidic resistance network depicted in FIG. 3, the equations for current

continuity are given by:
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where AP is the pressure drop across one period of the ladder (from Pi.1,1 to Pi+1,1 or from Pi1p to
Pi+1,0). The solution to this equation is given in terms of the pressure at the point, Pi.1:
Pio= Py

AP
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[63] This system of equations has two regimes of fluid flow. There is a regime where all the
streamlines pass through the long channel section (comprising fluidic resistance Ra), and a fraction
of the streamlines pass through the microfluidic constriction (comprising fluidic resistance R), with
the remainder flowing through the short channel section (comprising fluidic resistance Rs), flowing
in the direction away from the microfluidic constriction (FIG. 2A). This condition is achieved when
the pressure at the microfluidic constriction entry point (Pip) is higher than the pressure at P 1, which
occurs when Ra < Rr.

[64] In the other regime where Ra > Rr, the situation is reversed and all the streamlines pass
through the microfluidic constriction (Rt), with the fluid flowing through the short channel sections
(RB) directed towards the microfluidic constriction (FIG. 2B). Thus, by adjusting the relative
resistances of the trap and bypass channels, it is possible to ensure that cells will be moved into the
constriction and trapped without some fraction or cells lost down the bypass, as is typically achieved
with prior approaches.

[65] The analysis of a 2-D mesh network design (e.g., as illustrated in FIGS. 4A-B, which may be
represented by the equivalent resistance circuit shown in FIG. 5) is similar to that discussed here for

the infinite ladder network, and will be described in more detail in Example 1 below. The same
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condition, Ra > Rr, ensures that all the streamlines pass through the microfluidic constriction. This
insight suggests that the first cell flowing through the array will be captured by the first available
trap, and the next cell will populate the next available trap, and so on. Cells will never miss an
unoccupied trap, and all traps will be populated in order.
[66] In order to ensure that each trap captures only a single cell, it is also important to understand
how the trap resistance changes once it becomes occupied by a cell, and what type of flow balance
will be experienced by the next approaching cell. Ideally, the occupied trap would provide a flow
profile in which the flow through the short bypass (Rg) is now larger than the flow through the trap.
The flow ratio yields a condition:

Rr>2Ra + 2R3
which could easily be achieved if the short channel section has very low resistance, while the
presence of a trapped suspended object causes the trap resistance (Rt) to more than double. This
insight implies that the depth of the channel should not be significantly larger than the cell diameter,
such that a trapped cell occludes a significant cross-sectional area percentage of the microfluidic
constriction and causes a maximal change in the trap resistance.
[67] The disclosed ladder-like and mesh-like fluidic network designs constitute a novel and non-
obvious improvement over prior microfluidic-based cell trapping devices. It is well established that
a good cell trapping device will have high volumetric flow through the trap, and low volumetric flow
around the trap, however, in contrast to previously published designs, we have recognized that the
important design consideration is not the total pressure drop across the trap but rather the tuning of
relative fluidic resistances for flow through a communal bypass channel and for flow through the
trap in order to maintain the condition Ra > Rr.
[68] FIGS. 2A, 2B, 4A, 4B, and 6 — 13 provide several different non-limiting examples of the
ladder-like and mesh-like fluidic network designs of the present disclosure. As noted above, FIGS.
2A and 2B illustrate a ladder-like network of weir-traps (comprising {rits in the exit region) and
interconnecting bypass fluid channels. When the resistance of the internal flow path through the
weir trap is higher than the resistance of the bypass channel (Rt > Ra; flow regime 1), the flow splits
at the entrance to the weir trap (FIG. 2A). This geometry has lower trapping efficiency than that for
flow regime 2, where the internal flow path through the weir trap has lower resistance than the flow
path through the bypass channel (Ra > Rr), in which case all the fluid flows through the weir trap
(FIG. 2B).
[69] FIGS. 4A and 4B illustrate a mesh-like network of weir-traps and interconnecting bypass

fluid channels. Again, when the resistance of the internal flow path through the weir trap is higher
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than the resistance of the bypass channel (Rt > Ra; flow regime 1), the flow splits at the entrance to
the weir trap (FIG. 4A). When the internal flow path through the weir trap has lower resistance than
the flow path through the bypass channel (Ra > Rr; flow regime 2), all of the fluid flows through the
weir trap (FIG. 4B).

[70] FIG. 6 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 0.42. In this example, the exit region of each weir-trap
comprises a frit that forms the boundary of the interior region, and the interior region of the weir-trap
is quite large in comparison to the entrance region comprising the constriction used to trap cells or
objects suspended in a fluid.

[71] FIG. 7 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.2. The weir-traps in this example again comprise a {rit
within the exit region of the trap.

[72] FIG. 8 illustrates a ladder network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.2. The weir-traps in this example again comprise a frit
within the exit region of the trap.

[73] FIG. 9 illustrates a mesh network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.45. The weir-traps in this example again comprise a frit
within the exit region of the trap.

[74] FIG. 10 illustrates a ladder network trapping geometry that has a trapping ratio that is
approximately calculated as: Ra/Rt = 1.45. The weir-traps in this example again comprise a frit
within the exit region of the trap.

[75] FIG. 11 illustrates a mesh network trapping geometry where the weir-traps comprise an
interior flow path with a small volume (i.e., the traps have no significant “interior region”) and
where the weir-traps lack a frit in the exit region of the trap.

[76] FIG. 12 illustrates one non-limiting example of a ladder network trapping geometry that has
an interior flow path that does not have frits at the outlet or exit region.

[77] FIG. 13 illustrates one non-limiting example of a mesh network trapping geometry that has
an interior flow path that does not have frits at the outlet or exit region.

[78] In some instances, the disclosed microfluidic devices may comprise: a) a plurality of weir-
traps disposed between, and in fluid communication with, at least one fluid inlet and at least one
fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
through the microfluidic device, and wherein: 1) each weir-trap comprises an entrance region, an

optional interior region, and an exit region that collectively constitute an interior fluid flow path
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through the weir-trap; ii) each weir-trap in a majority of the weir-traps (i.e., all of the weir-traps
except for those nearest the at least one fluid inlet or at least one fluid outlet) is in fluid
communication with either two or three exterior fluid flow paths (bypass fluid channels) that connect
the exit region of a weir-trap to the entrance region of another weir-trap; and iii) a ratio of the fluidic
resistance of one exterior fluid flow path (e.g., a longer, communal fluid bypass channel) to that of
the interior fluid flow path through the trap (i.e., Ra/Rr) is at least 0.4. In some embodiments, the
exit region of all or a portion of the weir-traps may comprise a frit to prevent cells or other objects
from flowing out of the interior region (or chamber) of the trap. In some embodiments, the two or
three exterior fluid flow paths (bypass fluid channels) may comprise one or two shorter fluid bypass
channels comprising a fluidic resistance, Rg, which is less than Ra. In the case that there are two
shorter fluid bypass channels, their fluidic resistance may be the same as each other, or different
from each other, but will in either case be less than Ra.

[79] In some embodiments, the ratio Ra / RT may range from about 0.2 to about 2.0. In some
embodiments, the ratio Ra / Rt may be at least 0.2, at least 0.3, at least 0.4, at least 0.5, at least 0.6,
at least 0.7, at Ieast 0.8, at least 0.9, at least 1.0, at least 1.1, at least 1.2, at least 1.3, at least 1.4, at
least 1.5, at least 1.6, at least 1.7, at least 1.8, at least 1.9, or at least 2.0. In some embodiments, the
ratio Ra / Rt may be at most 2.0, at most 1.9, at most 1.8, at most 1.7, at most 1.6, at most 1.5, at
most 1.4, at most 1.3, at most 1.2, at most 1.1, at most 1.0, at most 0.9, at most 0.8, at most 0.7, at
most 0.6, at most 0.5, at most 0.4, at most 0.3, or at most 0.2. Any of the lower and upper values
described in this paragraph may be combined to form a range included within the present disclosure,
for example, the ratio Ra / Rt may range from about 0.4 to about 1.6. Those of skill in the art will
recognize that the ratio Ra / Rt may have any value within this range, e.g., about 1.25.

[80] The weir-traps of the disclosed microfluidic devices will generally comprise a constriction in
at least one dimension, e.g., an entry point or entrance region comprising a constriction that is
smaller than the smallest dimension of the cell or object to be trapped. In some embodiments, the
constriction in at least one dimension may range in size from about 10% to about 90% of the
smallest dimension of the cell or object to be trapped. In some embodiments, the constriction may
be at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at
least 80%, or at least 90% of the smallest dimension of the cell or object to be trapped. In some
embodiments, the constriction may be at most 90%, at most 80%, at most 70%, at most 60%, at most
50%, at most 40%, at most 30%, at most 20%, or at most 10% of the smallest dimension of the cell
or object to be trapped. Any of the lower and upper values described in this paragraph may be

combined to form a range included within the present disclosure, for example the constriction may
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range in size from about 20% to about 70% of the smallest dimension of the cell or object to be
trapped. Those of skill in the art will recognize that the constriction may have any value within this
range, e.g., about 33% of the smallest dimension of the cell or object to be trapped.

[81] The weir-traps of the disclosed microfluidic devices will generally comprise a constriction in
at least one dimension, e.g., an entry point or entrance region comprising a constriction that is
smaller than the smallest dimension of the cell or object to be trapped. In some embodiments, the
constriction in at least one dimension may range in size from about 1 pm to about 100 pm. For
example, in some embodiments, the constriction in at least one dimension may have a dimension of
at least 1 um, at least 2 um, at least 3 um, at least 4 um, at least 5 um, at least 6 pm, at least 7 pm, at
least 8 pum, at least 9 pm, at least 10 um, at least 20 pm, at least 30 um, at least 40 um, at least 50
um, at least 60 pm, at least 70 um, at least 80 pm, at least 90 pm, or at least 100 um. In some
embodiments, the constriction in at least one dimension may have a dimension of at most 100 pm, at
most 90 pm, at most 80 um, at most 70 um, at most 60 pm, at most 50 um, at most 40 pm, at most
30 pm, at most 20 pm, at most 10 pm, at most 9 um, at most 8 pm, at most 7 pm, at most 6 pm, at
most 5 um, at most 4 um, at most 3 um, at most 2 um, at most 1 pm. Any of the lower and upper
values described in this paragraph may be combined to form a range included within the present
disclosure, for example the constriction in at least one dimension may range in size from about 3 um
to about 6 um. Those of skill in the art will recognize that the constriction may have any dimension
within this range, e.g., about 4.5 um.

[82] In some instances, the disclosed microfluidic devices may comprise: a) a plurality of weir-
traps disposed between, and in fluid communication with, at least one fluid inlet and at least one
fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
through the microfluidic device, and wherein: 1) each weir-trap comprises an entrance region, an
interior region, and an exit region that collectively constitute an interior fluid flow path through the
weir-trap; and ii) the volume of the interior region of the weir trap is greater than the volume of the
entrance region or exit region.

[83] In some instances, the disclosed microfluidic devices may comprise: a) a plurality of weir-
traps disposed between, and in fluid communication with, at least one fluid inlet and at least one
fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
through the microfluidic device, and wherein: 1) each weir-trap comprises an entrance region, an
interior region, and an exit region that collectively constitute an interior fluid flow path through the
weir-trap; and ii) the interior region has at least two dimensions that are greater than the largest

dimension of the object.
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[84] The weir-trap designs of the disclosed microfluidic devices may comprise an entrance region
(or entry point), optionally, an interior region (or chamber), and an exit region (or exit point). The
interior region (or chamber), if present, may have any of a variety of cross-sectional shapes within
the plane of the microfluidic device. For example, the interior region may have a largely circular
shape, elliptical shape, square shape, rectangular shape, triangular shape, hexagonal shape, irregular
shape, or any combination thereof. In some instances, the exit regions of all or a portion of the weir-
traps may comprise a frit.

[85] In some instances, the interior region may have negligibly small dimensions or volume
relative to those of the entrance and/or exit regions of the trap. In some embodiments, the interior
region (or chamber) may comprise a volume that ranges from 1x to about 1,000x that of the entrance
region, exit region, or cell or object to be trapped. For example, in some embodiments, the interior
region may comprise a volume that is at least 1x, at least 10x, at least 20x, at least 30x, at least 40x,
at least 50x, at least 60x, at least 70x, at least 80x, at Ieast 90x, at least 100x, at least 200x, at least
300x, at least 400x, at least 500x, at least 600x, at least 700x, at least 800x, at least 900x, or at least
1,000 x of the entrance region, exit region, or cell or object to be trapped. In some embodiments, the
interior region may comprise a volume that is at most 1,000x, at most 900x, at most 800x, at most
700x, at most 600x, at most 500x, at most 400x, at most 300x, at most 200x, at most 100x, at most
90x, at most 80x, at most 70x, at most 60x, at most 50x, at most 40x, at most 30x, at most 20x, at
most 10x, or at most 1x that of the entrance region, exit region, or cell or object to be trapped. Any
of the lower and upper values described in this paragraph may be combined to form a range included
within the present disclosure, for example the interior region may comprise a volume that ranges in
size from about 50x to about 200x that of the entrance region, exit region, or cell or object to be
trapped. Those of skill in the art will recognize that the interior region may comprise a volume that
has any value within this range, e.g., about 250x that of the entrance region, exit region, or cell or
object to be trapped.

[86] In some embodiments, the interior region (or chamber) may comprise at least one or at least
two dimensions that range in size from about 1x to about 1,000x that of the largest dimension of the
cell or object to be trapped. For example, in some embodiments, the interior region may comprise at
least one or at least two dimensions that are at least 1x, at least 10x, at least 20x, at least 30x, at least
40x, at least 50x, at least 60x, at least 70x, at least 80x, at least 90x, at least 100x, at least 200x, at
lIeast 300x, at least 400x, at least 500x, at Ieast 600x, at least 700x, at least 800x, at least 900x, or at
least 1,000 x that of the largest dimension of the cell or object to be trapped. In some embodiments,

the interior region may comprise at least one or at least two dimensions that are at most 1,000x, at
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most 900x, at most 800x, at most 700x, at most 600x, at most 500x, at most 400x, at most 300x, at
most 200x, at most 100x, at most 90x, at most 80x, at most 70x, at most 60x, at most 50x, at most
40x, at most 30x, at most 20x, at most 10x, or at most 1x that of the largest dimension of the cell or
object to be trapped. Any of the lower and upper values described in this paragraph may be
combined to form a range included within the present disclosure, for example the interior region may
comprise at least one or at least two dimensions that range in size from about 50x to about 200x that
of the largest dimension of the cell or object to be trapped. Those of skill in the art will recognize
that the interior region may comprise at least one or at least two dimensions that have any value
within this range, e.g., about 125x that of the largest dimension of the cell or object to be trapped.
[87] The capture probability for an individual weir-trap of the disclosed devices retaining a
suspended cell or object on first contact (i.e., the first time that a cell or object encounters a weir-trap
within the device) may range from about 0.05 to about 0.99. For example, in some embodiments,
the capture probability may be at least 0.05, at least 0.1, at least 0.2, at least 0.3, at least 0.4, at least
0.5, at least 0.6, at least 0.7, at least 0.8, at least 0.9, at least 0.95, or at least 0.99. In some
embodiments, the capture probability may be at most .99, at most 0.95, at most 0.9, at most 0.8, at
most 0.7, at most 0.6, at most 0.5, at most 0.4, at most 0.3, at most 0.2, at most 0.1, or at most 0.05.
Any of the lower and upper values described in this paragraph may be combined to form a range
included within the present disclosure, for example the capture probability may range from about 0.2
to about 0.8. Those of skill in the art will recognize that the capture probability may have any value
within this range, e.g., about 0.66.

[88] The pre-saturation trapping efficiencies for trapping cells or other objects suspended in a
fluid passing through the disclosed weir-trap array devices may range from about 10% to about
100%. For example, in some embodiments, the pre-saturation trapping efficiency of the disclosed
devices may be at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at
least 70%, at least 80%, at least 90%, at least 95%, at least 98%, or at least 99%. In some
embodiments, the pre-saturation trapping efficiency may be at most 99%, at most 98%, at most 95%,
at most 90%, at most 80%, at most 70%, at most 60%, at most 50%, at most 40%, at most 30%, at
most 20%, or at most 10%. Any of the lower and upper values described in this paragraph may be
combined to form a range included within the present disclosure, for example the pre-saturation
trapping efficiency may range from about 40% to about 99%. Those of skill in the art will recognize
that the pre-saturation trapping efficiency may have any value within this range, e.g., about 97%.
[89] In some instances, the disclosed microfluidic devices may comprise: a) a plurality of weir-

traps disposed between, and in fluid communication with, at least one fluid inlet and at least one
-20-



WO 2019/079399 PCT/US2018/056221

fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
through the microfluidic device, and wherein: 1) each weir-trap comprises a constriction in at least
one dimension that is smaller than the smallest dimension of the object; and ii) a ratio of a fluidic
resistance of a fluid flow path that bypasses a weir-trap to that for a fluid flow path passing through
the weir-trap is at least 0.4. In some instances, as noted above, the constriction in at least one
dimension may range in size from about 10% to about 90% of the smallest dimension of the cell or
object to be trapped. For any of these instances in which the constriction in at least one dimension
ranges in size from about 10% to about 90% of the smallest dimension of the cell or object to be
trapped, the resistance of the fluid flow path that bypasses the weir-trap to that for the fluid flow path
passing through the weir-trap (Ra / R1) may range from about 0.4 to about 2.0. Non-limiting
examples of combinations of constriction dimension (specified in terms of the percentage of the
smallest dimension of the cell or object to be trapped) and resistance ratio (Ra / R) that are included
in the present disclosure are (10%, 0.5), (10%, 0.6), (10%, 0.7), (10%, 0.8), (10%, 0.9), (10%, 1.0),
(10%, 1.1), (10%, 1.2), (10%, 1.3), (10%, 1.4), (10%, 1.5), (10%, 1.6), (10%, 1.7), (10%, 1.8), (10%,
1.9), (10%, 2.0), (20%, 0.5), (20%, 0.6), (20%, 0.7), (20%, 0.8), (20%, 0.9), (20%, 1.0), (20%, 1.1),
(20%, 1.2), (20%, 1.3), (20%, 1.4), (20%, 1.5), (20%, 1.6), (20%, 1.7), (20%, 1.8), (20%, 1.9), (20%,
2.0), 30%. 0.5), (30%, 0.6), (30%, 0.7), (30%., 0.8), (30%. 0.9), (30%, 1.0), (30%, 1.1), (30%, 1.2),
(30%. 1.3), 30%, 1.4), (30%, 1.5), (30%, 1.6), (30%. 1.7), (30%. 1.8), (30%, 1.9), (30%, 2.0), (40%,
0.5), (40%, 0.6), (40%, 0.7), (40%, 0.8), (40%, 0.9), (40%, 1.0), (40%, 1.1), (40%, 1.2), (40%, 1.3),
(40%, 1.4), (40%, 1.5), (40%, 1.6), (40%, 1.7), (40%, 1.8), (40%, 1.9), (40%, 2.0), (50%, 0.5), (50%,
0.6), (50%, 0.7), (50%, 0.8), (50%, 0.9), (50%, 1.0), (50%, 1.1), (50%, 1.2), (50%, 1.3), (50%, 1.4),
(50%. 1.5), (50%, 1.6), (50%, 1.7), (50%, 1.8). (50%. 1.9), (50%. 2.0), (60%, 0.5), (60%, 0.6), (60%,
0.7), (60%, 0.8), (60%, 0.9), (60%, 1.0), (60%, 1.1), (60%, 1.2), (60%, 1.3), (60%, 1.4), (60%, 1.5),
(60%, 1.6), (60%, 1.7), (60%, 1.8), (60%, 1.9), (60%, 2.0), (70%. 0.5), (70%, 0.6), (70%, 0.7), (70%,
0.8), (70%, 0.9), (70%, 1.0), (70%, 1.1), (70%, 1.2), (70%, 1.3), (70%, 1.4), (70%, 1.5), (70%, 1.6),
(70%., 1.7), (70%, 1.8), (710%, 1.9), (70%., 2.0), (80%, 0.5), (80%. 0.6), (80%, 0.7), (80%, 0.8), (80%,
0.9), (80%, 1.0), (80%, 1.1), (80%, 1.2), (80%, 1.3), (80%. 1.4), (80%, 1.5), (80%, 1.6), (80%, 1.7),
(80%. 1.8), (80%, 1.9), (80%, 2.0), (90%., 0.5). (90%, 0.6), (90%. 0.7), (90%, 0.8), (90%, 0.9), (90%,
1.0), 90%, 1.1), (90%, 1.2), (90%, 1.3), (90%. 1.4), (90%, 1.5), (90%, 1.6), (90%, 1.7), (90%, 1.8),
(90%, 1.9), and (90%, 2.0).

[90] In some instances, the disclosed microfluidic devices may comprise: a) a plurality of weir-
traps disposed between, and in fluid communication with, at least one fluid inlet and at least one

fluid outlet, wherein each weir-trap is configured to retain an object suspended in a fluid passing
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through the microfluidic device, and wherein: 1) the capture probability for an individual weir-trap of
retaining a suspended cell or object on first contact is at least 0.05; and i1) a ratio of a fluidic
resistance of a fluid flow path that bypasses a weir-trap to that for a fluid flow path passing through
the weir-trap is at least 0.4. In some instances, as noted above, the capture probability may range
from about 0.05 to about 0.99. For some instances in which the capture probability ranges from
about 0.05 to about 0.99, the resistance of the fluid flow path that bypasses the weir-trap to that for
the fluid flow path passing through the weir-trap (Ra / Rt) may range from about 0.4 to about 2.0.
In general, since the capture probability is a function of the resistance ratio, some combinations of
capture probability and resistance ratio may not be achievable. Non-limiting examples of
combinations of capture probability and resistance ratio (Ra / Rt) that may be included in the present
disclosure are (0.05, 0.4), (0.05, 0.5), (0.05, 0.6), (0.05, 0.7), (0.05, 0.8), (0.05, 0.9), (0.05, 1.0),
(0.05, 1.1), (0.05, 1.2), (0.05, 1.3), (0.05, 1.4), (0.05, 1.5), (0.05, 1.6), (0.05, 1.7), (0.05, 1.8), (0.05,
1.9), (0.05, 2.0), (0.1, 0.4), (0.1, 0.5), (0.1, 0.6), (0.1, 0.7), (0.1, 0.8), (0.1, 0.9), (0.1, 1.0), (0.1, 1.1),
(0.1, 1.2), (0.1, 1.3), (0.1, 1.4), (0.1, 1.5), (0.1, 1.6), (0.1, 1.7), (0.1, 1.8), (0.1, 1.9), (0.1, 2.0), (0.2,
0.4),(0.2,0.5), (0.2, 0.6), (0.2,0.7), (0.2, 0.8), (0.2, 0.9), (0.2, 1.0), (0.2, 1.1), (0.2, 1.2), (0.2, 1.3),
(0.2,14),(0.2,1.5), (0.2, 1.6), (0.2, 1.7), (0.2, 1.8), (0.2, 1.9), (0.2, 2.0), (0.3, 0.4), (0.3, 0.5), (0.3,
0.6), (0.3, 0.7), (0.3, 0.8), (0.3, 0.9), (0.3, 1.0), (0.3, 1.1), (0.3, 1.2), (0.3, 1.3), (0.3, 1.4), (0.3, 1.5),
(0.3,1.6), (0.3, 1.7), (0.3, 1.8), (0.3, 1.9), (0.3, 2.0), (0.4, 0.4), (0.4, 0.5), (0.4, 0.6), (0.4, 0.7), (0.4,
0.8),(0.4,0.9),(0.4,1.0), (0.4, 1.1), (0.4, 1.2), (0.4, 1.3), (0.4, 1.4), (0.4, 1.5), (0.4, 1.6), (0.4, 1.7),
(0.4, 1.8), (0.4, 1.9), (0.4, 2.0), (0.5, 0.4), (0.5, 0.5), (0.5, 0.6), (0.5, 0.7), (0.5, 0.8), (0.5, 0.9), (0.5,
1.0), (0.5, 1.1), (0.5, 1.2), (0.5, 1.3), (0.5, 1.4), (0.5, 1.5), (0.5, 1.6), (0.5, 1.7), (0.5, 1.8), (0.5, 1.9),
(0.5, 2.0), (0.6, 0.4), (0.6, 0.5), (0.6, 0.6), (0.6, 0.7), (0.6, 0.8), (0.6, 0.9), (0.6, 1.0), (0.6, 1.1), (0.6,
1.2), (0.6, 1.3), (0.6, 1.4), (0.6, 1.5), (0.6, 1.6), (0.6, 1.7), (0.6, 1.8), (0.6, 1.9), (0.6, 2.0), (0.7, 0.4),
(0.7,0.5), (0.7, 0.6), (0.7, 0.7), (0.7, 0.8), (0.7, 0.9), (0.7, 1.0), (0.7, 1.1), (0.7, 1.2), (0.7, 1.3), (0.7,
1.4), (0.7, 1.5), (0.7, 1.6), (0.7, 1.7), (0.7, 1.8), (0.7, 1.9), (0.7, 2.0), (0.8, 0.4), (0.8, 0.5), (0.8, 0.6),
(0.8,0.7), (0.8, 0.8), (0.8, 0.9), (0.8, 1.0), (0.8, 1.1), (0.8, 1.2), (0.8, 1.3), (0.8, 1.4), (0.8, 1.5), (0.8,
1.6), (0.8, 1.7), (0.8, 1.8), (0.8, 1.9), (0.8, 2.0), (0.9, 0.4), (0.9, 0.5), (0.9, 0.6), (0.9, 0.7), (0.9, 0.8),
(0.9,0.9), (0.9, 1.0), (0.9, 1.1), (0.9, 1.2), (0.9, 1.3), (0.9, 1.4), (0.9, 1.5), (0.9, 1.6), (0.9, 1.7), (0.9,
1.8), (0.9, 1.9), (0.9, 2.0), (0.95, 0.4), (0.95, 0.5), (0.95, 0.6), (0.95, 0.7), (0.95, 0.8), (0.95, 0.9),
(0.95, 1.0), (0.95, 1.1), (0.95, 1.2), (0.95, 1.3), (0.95, 1.4), (0.95, 1.5), (0.95, 1.6), (0.95, 1.7), (0.95,
1.8), (0.95, 1.9), (0.95, 2.0), (0.99, 0.4), (0.99, 0.5), (0.99, 0.6), (0.99, 0.7), (0.99, 0.8), (0.99, 0.9),
(0.99, 1.0), (0.99, 1.1), (0.99, 1.2), (0.99, 1.3), (0.99, 1.4), (0.99, 1.5), (0.99, 1.6), (0.99, 1.7), (0.99,

1.8), (0.99, 1.9), and (0.99, 2.0).
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[91]1 Microfluidic device fabrication: In some embodiments, the microfluidic devices disclosed
herein may comprise at least two separately fabricated parts (e.g., (i) a substrate that incorporates
etched, embossed, or ablated fluid channels, and (i1) a cover or lid) that are subsequently either
mechanically clamped together, temporarily adhered together, or permanently bonded together. In
some embodiments, the microfluidic devices disclosed herein may comprise three or more separately
fabricated parts (e.g., (i) a substrate, (i1) a fluid channel layer, and (iii) a cover or lid) that are
subsequently either mechanically clamped together, temporarily adhered together, or permanently
bonded together. In some embodiments, the microfluidic devices disclosed herein may comprise a
removable cover or lid. Examples of suitable fabrication techniques include, but are not limited to,
conventional machining, CNC machining, injection molding, 3D printing, alignment and lamination
of one or more layers of laser- or die-cut polymer film, or any of a number of microfabrication
techniques such as photolithography and wet chemical etching, dry etching, deep reactive ion
etching (DRIE), or laser micromachining. In some embodiments, all or a portion of the microfluidic
devices may be 3D printed from an elastomeric material.

[92] The microfluidic devices disclosed herein may be fabricated using any of a variety of
materials known to those of skill in the art. In general, the choice of material used will depend on
the choice of fabrication technique, and vice versa. Examples of suitable materials include, but are
not limited to, silicon, fused-silica, glass, any of a variety of polymers, e.g. polydimethylsiloxane
(PDMS; elastomer), polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS),
polypropylene (PP), polyethylene (PE), high density polyethylene (HDPE), polyimide, cyclic olefin
polymers (COP), cyclic olefin copolymers (COC), polyethylene terephthalate (PET), epoxy resins, a
non-stick material such as teflon (PTFE), any of a variety of photoresists such as SU8 or any other
thick film photoresist, or any combination of these materials.

[93] In some embodiments, all or a portion of the microfluidic device (e.g., the cover or lid) may
be fabricated from an optically transparent material to facilitate observation and monitoring of cells
or objects entrapped within the device. In some embodiments, the different layers in a microfluidic
device comprising multiple layers may be fabricated from different materials, e.g., a fluid channel
layer may be fabricated from an elastomeric material while the device substrate and a cover plate
may be fabricated from glass or another suitable material.

[94] In some embodiments, the microfluidic device may comprise a three layer structure that
includes a substrate, a fluid channel layer comprising a plurality of weir-traps, and a cover plate,
whereby the volume of the microfluidic chambers (i.e., the interior regions of the traps) is

determined by the cross-sectional area of the chambers and the thickness of the fluid channel layer.
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In some embodiments, the microfluidic device may comprise two layers, three layers, four layers,
five layers, or more than five layers in total.

[95] Asindicated above, in some embodiments the thickness of a fluid channel layer will
determine the depth of the fluid channels and microfluidic chambers (e.g., “micro-chambers”,
“trapping chambers”, or the interior regions of the traps) within the device, and will thus influence
the volume of the trapping chambers. In some embodiments, e.g., where fluid channels and trapping
features are etched, embossed, or ablated into a substrate, the depth of the fluid channels and
trapping chambers within the device will determined by the etch depth, embossed depth, or ablation
depth, and will thus influence the volume of the trapping chambers. In some embodiments, e.g.,
where fluid channels and trapping features are etched, embossed, or ablated into a substrate, the fluid
channels and trapping chambers may have the same depth or different depths.

[96] In general, the depth of fluid channels and/or trapping chambers within the disclosed devices
may range from about 1 um and about 1 mm. In some embodiments, the depth of the fluid channels
and/or trapping chambers may be at least 1 um, at least 5 pm, at least 10 pm, at least 20 pm, at least
30 pum, at least 40 um , at least 50 um, at least 100 pm, at least 200 um, at least 300 pm, at least 400
um, at least 500 pm, at least 600 um, at least 700 pum, at least 800 um, at least 900 um, or at least 1
mm. In some embodiments, the depth of the fluid channels and/or trapping chambers may be at
most 1 mm, at most 900 um, at most 800 um, at most 700 pwm, at most 600 pum, at most 500 pum, at
most 400 pum, at most 300 um, at most 200 pm, at most 100 um, at most 50 um, at most 40 yum, at
most 30 um, at most 20 pum, at most 10 pm, at most 5 um, or at most 1 pum. Any of the lower and
upper values described in this paragraph may be combined to form a range included within the
disclosure, for example, the depth of the fluid channels and/or trapping chambers may range from
about 50 pum to about 100 pym. Those of skill in the art will recognize that depth of the fluid
channels and/or trapping chambers may have any value within this range, for example, about 95 pm.
[97] In general, the dimensions of fluid channels and microfluidic chambers in the disclosed
device designs will be optimized to (i) provide uniform and efficient delivery and trapping of cells or
other objects suspended in a fluid passed through the device, and (ii) to minimize cell sample and/or
assay reagent consumption. In general, the width of fluid channels or microfluidic chambers may be
between about 10 um and about 2 mm. In some embodiments, the width of fluid channels or
microfluidic chambers may be at least 10 pum, at least 25 pm, at least 50 pum at least 100 um, at least
200 pm, at least 300 pm, at least 400 um, at least 500 um, at least 750 um, at least 1 mm, at least 1.5
mm, or at least 2 mm. In other embodiments, the width of fluid channels or microfluidic chambers

may at most 2 mm, at most 1.5 mm, at most 1 mm, at most 750 pm, at most S00 um, at most 400
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pum, at most 300 um, at most 200 pm, at most 100 pm, at most 50 um, at most 25 um, or at most 10
um. Any of the lower and upper values described in this paragraph may be combined to form a
range included within the disclosure, for example, the width of the fluid channels may range from
about 100 um to about 1 mm. Those of skill in the art will recognize that the width of the fluid
channel may have any value within this range, for example, about 80 pum.

[98] In general, the volumes of the microfluidic chambers (e.g., trapping chambers) used in the
disclosed devices may range from about 1,000 um? to about 1 mm?®. In some embodiments, the
microfluidic chamber volume may be at least 1,000 urn3, at least 10,000 urn3, at least 100,000 urn3,
at least 1,000,000 urn3, at least 0.2 mm?>, at least 0.5 mm?>, or at least ] mm>. In some embodiments,
the microfluidic chamber volume is at most 1 mm?>, at most 0.5 mm?>, at most 0.2 mm?>, at most
1,000,000 urn3, at most 100,000 urn3, at most 10,000 urn3, or at most 1,000