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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Application No. 62/246,605, filed October 27, 2015, U.S.
Provisional Application No. 62/247,725, filed October 28, 2015, U.S. Provisional Application No. 62/342,131, filed May 26,
2016, and U.S. Provisional Application No. 62/410,238, filed October 19, 2016. This application is a continuation-in-part of
U.S. Patent Application No. 15/135,707, filed April 22, 2016.

[0002] US 2010/316531 A1 discloses a microfluidic device including two hydrophobic layers assembled together.
[0003] WO 2014/167858 A1 discloses a solvent control device that comprises a substrate, multiple electrodes, a
dielectric and a water-repellent film.

BACKGROUND

[0004] Micro-objects, such as biological cells, can be processed in microfluidic apparatuses. For example, droplets
containing micro-objects or reagents can be moved around and merged within a microfluidic apparatus. Embodiments of
the present invention are directed to improvements in microfluidic apparatuses that facilitate robust manipulation of
droplets, allowing complex chemical and biological reactions to be precisely and reproducibly performed at small scale.
Droplets can be moved and merged within a microfluidic apparatus by changing an effective wetting property of an
electrowetting surface in the microfluidic apparatus. Such movements can facilitate workflows in which cells are processed
to assess various cellular properties, optionally after culturing the cell within the microfluidic apparatus. Present solutions
for electrowetting are extremely limited in nature and fail to scale or implement additional functionality. Consequently, a
need exists for improved electrowetting surfaces, stable substrates for microfluidic applications, and integration of
additional functionality (e.g., cellular growth and characterization prior to downstream processing made possible by
electrowetting), all of which will facilitate additional medical research applications.

SUMMARY OF THE INVENTION

[0005] The presentinvention is defined in the appended independent claim. Advantageous features are set out in the
appended dependent claims. Any embodiments or examples of the following description which are not within the scope of
the appended claims are provided for illustrative purposes. In one aspect, the invention provides a method of manufactur-
ing a microfluidic device comprising an electrowetting configuration which includes a substrate having a droplet actuation
surface, the droplet actuation surface comprising (or consisting of, or consisting essentially of) a hydrophobiclayer (i.e., an
outer hydrophobic layer) covalently bonded to the surface of an underlying dielectric layer (i.e., an inner dielectric layer).
When the microfluidic device is operatively connected to a voltage source, an aqueous droplet resting upon or otherwise
contacting the hydrophobic layer can be reliably and robustly wetted, and thereby moved, by an electrowetting force.
[0006] The microfluidicdevice can comprise abase thatincludes the substrate, and the substrate further has atleastone
electrode (e.g., afirstelectrode) configured to be connected to the voltage source (e.g., an AC voltage source), the atleast
one electrode being electrically coupled to the inner dielectric layer. The microfluidic device further comprises a cover and
atleast one spacing element. The substrate and the cover are substantially parallel to one another and joined together by
the spacing element to define an enclosure configured to hold a liquid medium. The cover includes at least one electrode
configured to be connected to the voltage source (e.g., the AC voltage source). In some embodiments, the microfluidic
device can comprise a single-sided electrowetting configuration. In such embodiments, the microfluidic device need not
include a cover. For example, the base can include the substrate and a first electrode configured to be connected to a
voltage source (e.g., an AC voltage source), and the substrate can include a second electrode (e.g., a mesh electrode)
configured to be connected to the voltage source.

[0007] The outer hydrophobiclayer comprises self-associating molecules covalently bonded to the inner dielectric layer
so as to form a densely-packed hydrophobic monolayer. In some embodiments, the self-associating molecules of the
hydrophobic monolayer each comprise a siloxane group. In other embodiments, the self-associating molecules of the
hydrophobic monolayer each comprise a phosphonic acid group. The siloxane groups or the phosphonic acid groups can
be covalently bonded to the surface of the inner dielectric layer. In some embodiments, the self-associating molecules of
the hydrophobic monolayer each comprise a surface modifying ligand and a linking group that links, either directly or
indirectly, the surface modifying ligand to the surface of the inner dielectric layer. The surface modifying ligand can be any
surface modifying ligand disclosed herein. For example, the surface modifying ligand can comprise an aliphatic group,
such as an alkane group. Thus, for example, the self-associating molecules of the hydrophobic monolayer can be alkyl-
terminated siloxane or alkyl-terminated phosphonic acid molecules. The alkyl groups can include a chain (e.g., an
unbranched chain) of at least 10 carbons (e.g., at least 14, 16, 18, 20, 22, or more carbons). In other embodiments, the
surface modifying ligand can comprise a fluorine-substituted aliphatic group, such as a fluoroalkyl group. Thus, for



10

15

20

25

30

35

40

45

50

55

EP 3 862 088 B1

example, the self-associating molecules can be fluoroalkyl-terminated siloxane or fluoroalkyl-terminated phosphonic acid
molecules. The fluoroalkyl groups can include a chain (e.g., an unbranched chain) of at least 10 carbons (e.g., atleast 14,
16, 18, 20, 22, or more carbons). In certain embodiments, the fluoroalkyl groups include one or more (e.g., atleast 4, 6, 8,
10, 12, or more) perfluorinated carbons. For example, the fluoroalkyl groups can have the chemical formula CF3-(CF5)
m-(CH,)n-, whereinmis atleast 2, nis atleast 2, and m+nis atleast 9. In some embodiments, the surface modifying ligand
comprises an ether linkage between a first aliphatic group and a second aliphatic group. For example, the first aliphatic
group can be an alkyl group and the second aliphatic group can be a fluoroalkyl group (e.g., a perfluoroalkyl group). In
certain embodiments, the alkyl or fluoroalkyl group of the surface modifying ligand is unbranched. In some embodiments,
the alkyl or fluoroalkyl group of the surface modifying ligand does not contain any cyclic structures.

[0008] Insome embodiments, the outer hydrophobic layer of the substrate has a thickness of less than 5 nanometers
(e.g., about 1.5 to 3.0 nanometers). In some embodiments, the outer hydrophobic layer of the substrate can be patterned
such that select regions are relatively hydrophilic compared to the remainder of the outer hydrophobic layer.

[0009] The inner dielectric layer of the substrate comprises a first layer of dielectric material. The first layer of dielectric
material comprises an oxide, such as a metal oxide layer (e.g., aluminum oxide, hafnium oxide, or the like). In certain
embodiments, the first oxide layer is formed by atomic layer deposition (ALD). According to the invention, the inner
dielectric layer is a dielectric stack that comprises two or more layers of dielectric material. Thus, the inner dielectric layer
can comprise a first layer of dielectric material and a second layer of dielectric material. The first layer of dielectric material
comprises an oxide, such as a metal oxide (e.g., aluminum oxide, hafnium oxide, or the like); and the second layer of
dielectric material can comprise an oxide, such as silicon oxide, or a nitride, such as silicon nitride. In such embodiments,
the first layer of dielectric material can have a first surface that contacts the second layer of dielectric material and an
opposing surface to which the hydrophobic layer is covalently bound. In certain embodiment, the second layer of dielectric
material can have a thickness of about 30 nm to about 100 nm, depending upon the type of dielectric material used. For
example, the second layer of dielectric material can comprise silicon oxide and can have a thickness of about 30 nm to
about 50 nm, or about 30 nm to about 40 nm. Alternatively, the second layer of dielectric material can comprise silicon
nitride and can have a thickness of about 50nm to about 100 nm, or about 80 nm to about 100 nm. In certain embodiments,
the second layer of dielectric material is formed by ALD. In other embodiments, the second layer of dielectric material is
formed by a Plasma Enhanced Chemical Vapor Deposition (PECVD) technique. In certain embodiments, the first layer of
dielectric material can have a thickness of about 10 nm to about 50 nm (e.g., about 10 nm to about 20 nm, about 15 nm to
about 25 nm, about 20 nm to about 30 nm, about 25 nm to about 35 nm, about 30 nm to about 40 nm, about 35 nm to about
45 nm, about 40 nm to about 50 nm, or any range defined by two of the foregoing endpoints) and can be formed by ALD.
[0010] Inyetotherembodiments, the inner dielectric can comprise a third layer of dielectric material, with the third layer
of dielectric material have a first surface that contact the first layer of dielectric material and an opposing surface that is
covalently bonded to the hydrophobic layer. In such embodiments, the first layer of dielectric material can comprise an
oxide, as described above (or elsewhere herein), and the second layer of dielectric material can comprise an oxide or a
nitride, as described above (or elsewhere herein). In certain embodiments, the third layer of dielectric material can
comprise an oxide, such as silicon dioxide or other dielectric materials that bond well to siloxane groups. In certain
embodiments, the third layer of dielectric material is deposited by ALD. In certain embodiments, third layer of dielectric
material has a thickness of about 2 nm to about 10 nm, or about 4 nm to about 6 nm.

[0011] Regardless of the number of layers that make up the inner dielectric layer, the inner dielectric layer can have a
total thickness of about40 nm to about 120 nm (e.g., about40 nm to about 60 nm, about 50 nm to about 70 nm, about 60 nm
to about 80 nm, about 70 nm to about 90 nm, about 80 nm to about 100 nm, about 90 nm to about 110 nm, about 100 nm to
about 120 nm, or a range defined by any two of the foregoing endpoints). Likewise, the dielectric layer can have a
impedance of about 50 kOhms to about 150 kOhms (e.g., about 50 kOhms to about 75 kOhms, about 75 kOhms to about
100 kOhms, about 100 kOhms to about 125 kOhms, about 125 kOhms to about 150 kOhms, or a range defined by any two
of the foregoing endpoints).

[0012] In some embodiments, the substrate can further comprise a photoresponsive layer. The photoresponsive layer
can have a first side that contacts the inner dielectric layer and a second side that contacts the at least one electrode. In
certain embodiments, the photoresponsive layer can comprise hydrogenated amorphous silicon. In such embodiments,
illuminating any of a plurality of regions of the photoresponsive layer with a beam of light can reduce the electrical
impedance of the photoresponsive layer at the illuminated region(s). In other embodiments, the photoresponsive layer
comprises a plurality of conductors, each conductor controllably connectable to the at least one electrode of the substrate
via a phototransistor switch.

[0013] For embodiments in which the microfluidic device comprises a cover, a surface of the cover that faces inward
toward the enclosure can include an inner layer and a hydrophobic layer (i.e., an outer hydrophobic layer) covalently
bonded to the inner layer. Similar to the outer hydrophobic layer of the substrate, the outer hydrophobic layer of the cover
can comprise self-associating molecules covalently bonded to the inner layer so as to form a densely-packed hydrophobic
monolayer. Thus, the outer hydrophobic layer can comprise any of the self-associating molecules described above (or
elsewhere herein) for the outer hydrophobic layer of the substrate. In some embodiments, the outer hydrophobic layer of



10

15

20

25

30

35

40

45

50

55

EP 3 862 088 B1

the cover comprises the same self-associating molecules as the outer hydrophobic layer of the substrate. In other
embodiments, the outer hydrophobic layer of the substrate has a different type (or types) of self-associating molecules as
the outer hydrophobic layer of the substrate.

[0014] In some embodiments, the outer hydrophobic layer of the inward-facing surface of the cover has a thickness of
less than 5 nanometers (e.g., about 1.5 to 3.0 nanometers). In some embodiments, the outer hydrophobic layer of the
inward-facing surface of the cover can be patterned such that select regions are relatively hydrophilic compared to the
remainder of the outer hydrophobic layer.

[0015] Insome embodiments, the microfluidic device can include an enclosure having at least one microfluidic channel.
In addition, the enclosure can include at least one microfluidic chamber (or sequestration pen) fluidically connected to the
microfluidic channel. At least a portion of the substrate that defines the microchannel and/or the chamber can have an
electrowetting configuration. The electrowetting configuration can be connected to a biasing potential and, while thus
connected, change an effective wetting characteristic of any of a plurality of corresponding regions of the substrate surface
(i.e., the droplet actuating surface). The wetting characteristic of the substrate surface can be changed sufficiently to move
a liquid droplet across the substrate surface and between the microfluidic channel and the chamber.

[0016] In some embodiments, the chamber (or sequestration pen) can include a holding region (e.g., isolation region)
configured to hold a liquid droplet, and one (or more) connection region that fluidically connects the holding region to the
microfluidic channel. A first connection region can be configured to allow movement of the liquid droplet between the
microfluidic channel and the chamber. When a second connection region is present, it can be configured to allow for fluid
flow and pressure relief when a liquid droplet is moved between the microfluidic channel and the holding region. In some
embodiments, the enclosure can further include a second microfluidic channel. In such embodiments, the chamber can be
connected to both the first microfluidic channel and the second microfluidic channel.

[0017] Insome embodiments, the microfluidic channel(s) can have a height of about 30 to about 200 microns, or about
50 to about 150 microns, with the height measured in a direction normal to the direction of fluid flow through the channel. In
some embodiments, the microfluidic channel(s) has a width of about 50 to about 1000 microns, or about 100 to about 500
microns, with the width measured in a direction normal to the direction of fluid flow through the channel.

[0018] In some embodiments, the chamber (or sequestration pen) has a height that is substantially the same as the
height of the microfluidic channel(s). For example, the chamber height can be about 30 to about 200 microns, or about 50 to
about 150 microns. In some embodiments, the chamber (or holding pen) has a cross-sectional area of about 100,000 to
about 2,500,000 square microns, or about 200,000 to about 2,000,000 square microns. In some embodiments, the
connection region (first, second, etc.) has a height that is substantially the same as the height of the corresponding
chamber and/or the microfluidic channel off of which the connection regions opens. In some embodiments, the connection
region has a width of about 50 to about 500 microns, or about 100 to about 300 microns.

[0019] Insomeembodiments, the microfluidic device can further include a droplet generator. The droplet generator can
be configured to selectively provide droplets of one or more liquid media (e.g., aqueous liquid media) into the enclosure ora
microfluidic channel within the enclosure. The droplets can contain, for example, micro-objects, such as biological micro-
objects (e.g., cells) or beads. Alternatively, or in addition, the droplets can contain reagents, such as lysis buffer, affinity
reagents, detectable labels, enzymatic mixtures, etc.

[0020] Insomeembodiments, the microfluidic device includes a culture chamber (e.g., a sequestration pen) suitable for
culturing biological micro-objects. The culture chamber can be located within the enclosure, and can be is connected to a
microfluidic channel. When the culture chamber is located within the enclosure, the enclosure can include a perfusion
microfluidic channel configured to flow fresh culture medium past the culture chamber such that nutrients in the fresh
culture medium and waste products in the culture chamber can be exchanged (e.g., by diffusion of nutrients into the culture
chamber and diffusion of waste products out into the culture medium). The perfusion channel can be separate from the
microfluidic channel connected to the droplet generator.

[0021] In some embodiments, an electrowetting apparatus is integrated with an electro positioning apparatus. For
example, in some embodiments, a microfluidic device caninclude a substrate having an electrowetting configurationand a
portion of a substrate can further comprise a dielectrophoresis (DEP) configuration. Thus, the substrate can be monolithic.
Alternatively, the microfluidic device or apparatus can include a first module or section having a first substrate that has a
dielectrophoresis (DEP) configuration, and a second module or section having a second substrate that includes an
electrowetting configuration. Such devices can be considered as having a duolithic substrate, and there can be a bridge
between the first module or section and the second module or section that provides integration of the functionalities
associated with each substrate and its particular configuration. The bridge can include tubing or the like that connects two
otherwise discrete devices. Alternatively, the bridge can comprise a bonding agent that brings the substrates into close
juxtaposition (e.g., within 2 mm, 1.5 mm, 1.0 mm, 0.5 mm, or less). In yet other alternatives, the bridge can be a non-
functional region on a monolithic substrate, wherein the zone of non-functionality is where the substrate configuration
switches from one configuration (e.g., an electrowetting configuration) to another configuration (e.g., a DEP configura-
tion). Regardless of whether the microfluidic device has a monolithic or duolithic substrate (or even a multi-lithic substrate),
each of the electrowetting configuration and the DEP configuration can be any such configuration known in the art or
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disclosed herein. For example, the electrowetting configuration can be an opto-electrowetting (OEW) configuration, an
electrowetting on dielectric (EWOD) configuration, a single-sided electrowetting configuration, or the like. Similarly, the
DEP configuration can be an optoelectronic tweezer (OET) configuration, such as provided by photoconductive substrate
comprising a layer of amorphous silicon and/or an array of phototransistors, an array of electrodes controlled by
phototransistors, an array of electrodes electrically actuated, or the like. In certain alternative embodiments, the substrate
can comprise an electrowetting configuration but lack any additional configuration (e.g., lack a dielectrophoresis (DEP)
configuration).

[0022] Consequently, in some embodiments, a single monolithic apparatus can combine the functionality of both
apparatus.

[0023] The invention provides a method of manufacturing the microfluidic device. The method includes: bonding a
spacing element (e.g., made from microfluidic circuit material) to an inner surface of a cover having at least one electrode
configured to be connected to a voltage source; bonding the spacing element and cover to an inner dielectric surface of a
substrate having atleast one electrode configured to be connected to a voltage source; and forming, by vapor deposition, a
hydrophobiclayer on atleast a portion of the inner surface of the cover and atleast a portion of the inner dielectric surface of
the substrate. The spacing elementis sandwiched between the inner surface of the cover and the inner dielectric surface of
the substrate such that the cover and the substrate are oriented substantially parallel to one another. The substrate,
spacing element, and cover can collectively define an enclosure configured to hold a liquid medium. In certain embodi-
ments, the hydrophobic layers are deposited on substantially all exposed regions of the inner surface of the cover and
substantially all exposed regions of the inner dielectric surface of the substrate (i.e., on substantially all surfaces facing
inward toward the enclosure). In certain embodiments, the hydrophobic layer is further deposited on surfaces of the
spacing element that face inward toward the enclosure.

[0024] The hydrophobic layers comprise self-associating molecules covalently bound to the inner surface of the cover
and the inner dielectric surface of the substrate, wherein the self-associating molecules form densely-packed monolayers.
In some embodiments, the self-associating molecules deposited by vapor deposition each comprise a surface modifying
ligand and a linking group that links, either directly or indirectly, the surface modifying ligand to the surface of the inner
dielectric layer. Thus, the self-associating molecules can be any of the self-associating molecules described above or
elsewhere herein.

[0025] Also described herein but not part of the claimed invention are methods for processing materials, such as
chemicals and/or biological materials, in a microfluidic apparatus. In certain embodiments, the methods comprise: filling
an enclosure, or a portion thereof, of a microfluidic apparatus comprising a substrate having an electrowetting config-
uration, a cover, and a spacing element which together define the enclosure with a first liquid medium; applying an AC
voltage potential between at least one electrode of the substrate and at least one electrode of the cover; introducing a first
droplet of liquid medium into the enclosure, the liquid medium of the droplet being immiscible in the first liquid medium; and
moving the first droplet to a desired location within the enclosure by applying an electrowetting force to the firstdroplet. The
firstliquid medium can comprise any of the first liquid mediums described herein, such as a silicone oil, a fluorinated oil, ora
combination thereof, and the first droplet can comprise an aqueous medium.

[0026] In some embodiments, the methods can include dragging the first droplet from a first section of the enclosure,
such as a microfluidic channel, into a second section of the enclosure, such as a chamber, or vice versa. The foregoing
dragging can include changing an effective electrowetting characteristic of a region of the substrate surface that is in
contact with and/or adjacent to the first droplet. Thus, filling the enclosure with the first liquid medium can comprise filling
the microfluidic channel and chamber with the first liquid medium.

[0027] In some embodiments, the microfluidic apparatus includes a droplet generator. The the methods can comprise
generating the first droplet using the droplet generator. In addition, the droplet generator can introduce the first dropletinto
the enclosure. The generated droplets can have a volume of about 100 picoliters to 100 nanoliters, or about 1 to 50
nanoliters. In some embodiments, the first droplet can include a micro-object, such as a bead or a biological micro-object
(e.g., a cell, vesicle, etc.), a cell secretion, or a reagent. The bead can have molecules having affinity for a material of
interest, such as a cell secretion (e.g., an antibody) or other biomolecule (e.g., nucleic acid, such as DNA, genomic DNA,
mitochondrial DNA, RNA, mRNA, miRNA, or any combination thereof). The droplet can include a single micro-object, such
as a single biological cell, or multiple micro-objects. For example, the droplet can include two to twenty, or more, micro-
objects, such as beads. In some embodiments, the droplet can include a reagent, such as a cell lysis buffer, a label (e.g., a
fluorescently labeled reagent), a luminescent reagent, an enzymatic mixture, or the like.

[0028] In some embodiments, the methods further include introducing second, third, fourth, etc. droplets into the
enclosure and moving the second, third, fourth, etc. droplet to a desired location within the enclosure by applying an
electrowetting force to the droplet. The second droplet can be moved to a position proximal to the first droplet and then
merged with the first droplet to form a first combined droplet; the third droplet can be moved to a position proximal to the first
combined droplet and then merged with the first combined droplet to form a second combined droplet; the fourth droplet
can be moved to a position proximal to the second combined droplet and then merged with the second combined droplet to
form a third combined droplet; and so on. Each additional droplet can contain a fluidic medium that is immiscible in the first
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liquid medium but miscible with the liquid medium of the first droplet.

[0029] Insome embodiments, the first droplet contains a biological cell and the second droplet contains a reagent. The
reagent can be a cell lysis buffer that lyses the biological cell when the first and second droplets are merged. Alternatively,
the reagent can be a fluorescentlabel (e.g., a fluorescently-labeled antibody or other affinity reagent) or areagentusedin a
luminescence assay. The third droplet can contain a reagent, such as one or more (e.g., two to twenty) capture beads
having affinity for a material of interest. For example, the material of interest can be an antibody or a nucleic acid, such as
DNA, genomic DNA, mitochondrial DNA, RNA, mRNA, miRNA, or any combination thereof. Such capture beads can
optionally be exported from the apparatus for subsequent analysis. The fourth droplet can, like the second and third
droplets, contain a reagent, such as an enzymatic mixture suitable for performing a reaction, such as a reverse
transcriptase reaction or a whole genome amplification reaction.

[0030] In some embodiments, the moving and merging of droplets involves using electrowetting force comprises
changing an effective electrowetting characteristic of a region of the substrate surface proximal to the droplet(s) to thereby
move or merge the droplets. In certain embodiments, changing an effective electrowetting characteristic of the substrate
surface can include activating electrowetting electrodes at the region of the substrate surface proximal to the droplet(s). In
certain embodiments, activating the electrowetting electrodes at the region of the substrate surface proximal to the
droplet(s) involves directing a pattern of light onto the region of the substrate surface.

[0031] Additional aspects and embodiments of the invention will be evident from the drawings and the detailed
description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS
[0032]

Figure 1A illustrates a generalized microfluidic device and a system with associated control equipment for controlling
and monitoring the microfluidic device.

Figure 1B is a vertical cross-sectional view of a microfluidic apparatus having a substrate, a cover, and a spacing
element which together form an enclosure configured to hold a liquid medium and droplets of a liquid immiscible in the
liquid medium. The substrate has an electrowetting configuration that allows the droplets to be manipulated within the
enclosure.

Figures 1C and 1D illustrate a microfluidic device.

Figures 2A and 2B illustrate isolation pens.

Figure 2C illustrates a detailed sequestration pen.

Figures 2D-2F illustrate sequestration pens.

Figure 2G illustrates a microfluidic device.

Figure 2H illustrates a coated surface of the microfluidic device according to an embodiment of the invention.
Figure 3A illustrates a specific example of a system for use with a microfluidic device.

Figure 3B illustrates an imaging device.

Figure 4 illustrates an example of a microfluidic device having an EW configuration and a DEP configuration with a
duolithic substrate.

Figure 5 illustrates an example of a microfluidic device having an EW configuration and a DEP configuration with a
monolithic substrate.

Figure 6 is a horizontal cross-sectional view of a microfluidic apparatus, which can comprise an electrowetting
configuration as shown in Figure 1B, and which includes multiple microfluidic channels, chambers that open off of at
least one of the microfluidic channels, and a droplet generator. In this embodiment, one microfluidic channel contains
an aqueous medium (lighter color), while the microfluidic channel connected to the droplet generator contains a non-
aqueous medium (darker color). The chambers likewise contain either an aqueous medium or a non-aqueous
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Figure 7 is a horizontal cross-sectional view of a microfluidic apparatus, which can comprise an electrowetting
configuration as shown in Figure 1B, and which includes multiple microfluidic channels, chambers that open off of at
least one of the microfluidic channels, and a droplet generator. In this embodiment, one microfluidic channel and afirst
set of chambers contains an aqueous medium (lighter color), while the microfluidic channel connected to the droplet
generator and a second set of chambers contains a hydrophobic medium (darker color). Figure 6 presents a variation
on the embodiment shown in Figure 5, wherein each chamber that contains an aqueous medium is located directly
across the channel with the hydrophobic medium from a corresponding chamber that contains hydrophobic medium.

Figure 8 is a diagram of a method of processing biological micro-objects within a microfluidic apparatus.

Figure 9is a method that can be applied to manufacture a substrate for a microfluidic device having a first section with
an electrowetting configuration and a second section with a dielectrophoresis configuration.

Figures 10-18 provide vertical cross-sectional views of a substrate being processed in accordance with the method
depicted in Figure 9.

Figure 19A is a view of an electrical addressing operational representation for one functional aspect in accordance
with the embodiment depicted in connection with Figure 17.

Figure 19B is a view of an electrical addressing operational representation for one functional aspect in accordance
with the embodiment depicted in connection with Figure 17.

Figures 20A-20C are photographic representations of the movement of an aqueous droplet on a modified microfluidic
surface.

DETAILED DESCRIPTION OF THE INVENTION

[0033] This specification describes exemplary embodiments and applications of the invention. The invention, however,
is not limited to these exemplary embodiments and applications or to the mannerin which the exemplary embodiments and
applications operate or are described herein. Moreover, the figures may show simplified or partial views, and the
dimensions of elements in the figures may be exaggerated or otherwise not in proportion. In addition, as the terms
"on," "attached to," "connected to," "coupled to," or similar words are used herein, one element (e.g., a material, a layer, a
substrate, etc.) can be "on," "attached to," "connected to," or "coupled to" another element regardless of whether the one
element is directly on, attached to, connected to, or coupled to the other element or there are one or more intervening
elements between the one element and the other element. Also, unless the context dictates otherwise, directions (e.g.,
above, below, top, bottom, side, up, down, under, over, upper, lower, horizontal, vertical, "x," "y," "z," etc.), if provided, are
relative and provided solely by way of example and for ease of illustration and discussion and not by way of limitation. In
addition, where reference is made to a list of elements (e.g., elements a, b, c), such reference is intended to include any one
ofthe listed elements by itself, any combination of less than all of the listed elements, and/or a combination of all of the listed
elements. Section divisions in the specification are for ease of review only and do not limit any combination of elements
discussed.

[0034] As used herein, "substantially" means sufficient to work for the intended purpose. The term "substantially" thus
allows for minor, insignificant variations from an absolute or perfect state, dimension, measurement, result, or the like such
as would be expected by a person of ordinary skill in the field but that do not appreciably affect overall performance. When
used with respect to numerical values or parameters or characteristics that can be expressed as numerical values,
"substantially" means within ten percent.

[0035] The term "ones" means more than one.

[0036] As used herein, the term "plurality” can be 2, 3, 4,5, 6, 7, 8, 9, 10, or more.

[0037] As used herein, the term "disposed" encompasses within its meaning "located."

[0038] As used herein, a "microfluidic device" or "microfluidic apparatus” is a device that includes one or more discrete
microfluidic circuits configured to hold a fluid, each microfluidic circuit comprised of fluidically interconnected circuit
elements, including but not limited to region(s), flow region(s), channel(s), chamber(s), and/or pen(s), and (for microfluidic
device thatinclude a cover) at least two ports configured to allow the fluid (and, optionally, micro-objects suspended in the
fluid) to flow into and/or out of the microfluidic device. Typically, a microfluidic circuit of a microfluidic device will include at
least one microfluidic channel and at least one chamber, and will hold a volume of fluid of less than about 1 mL, e.g., less
than about 750, 500, 250, 200, 150, 100, 75, 50, 25, 20, 15, 10,9, 8,7, 6, 5, 4, 3, or 2 L. In certain embodiments, the



10

15

20

25

30

35

40

45

50

55

EP 3 862 088 B1

microfluidic circuit holds about 1-2, 1-3, 1-4, 1-5, 2-5, 2-8, 2-10, 2-12, 2-15, 2-20, 5-20, 5-30, 5-40, 5-50, 10-50, 10-75,
10-100, 20-100, 20-150, 20-200, 50-200, 50-250, or 50-300 p.L.

[0039] As used herein, a "nanofluidic device" or "nanofluidic apparatus" is a type of microfluidic device having a
microfluidic circuit that contains atleast one circuit element configured to hold a volume of fluid of less than about 1 pL, e.g.,
less than about 750, 500, 250, 200, 150, 100, 75, 50, 25, 20, 15, 10,9, 8,7,6, 5,4, 3,2, 1 nLorless. Ananofluidic device may
comprise a plurality of circuit elements (e.g., atleast 2, 3,4, 5,6,7,8,9, 10, 15, 20, 25, 50, 75, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 6000, 7000, 8000, 9000, 10,000, or
more). In certain embodiments, one or more (e.g., all) of the at least one circuit elements is configured to hold a volume of
fluid ofabout 100 pLto 1 nL, 100 pLto2nL, 100 pLto5nL, 250 pLto2nL, 250 pLto5nL, 250 pLto 10nL, 500 pL to5nL, 500
pLto10nL,500pLto15nL,750pLto10nL,750pLto15nL,750pLto20nL,1to10nL,1to15nL,1t020nL, 1to25nL,or1
to 50 nL. In other embodiments, one or more (e.g., all) of the at least one circuit elements is configured to hold a volume of
fluid of about 20 nL to 200nL, 100 to 200 nL, 100 to 300 nL, 100to 400 nL, 100 to 500 nL, 200 to 300 nL, 200to 400 nL, 200 to
500 nL, 200 to 600 nL, 200 to 700 nL, 250 to 400 nL, 250 to 500 nL, 250 to 600 nL, or 250 to 750 nL.

[0040] A "microfluidic channel" or "flow channel" as used herein refers to a flow region of a microfluidic device having a
length that is significantly longer than both the horizontal and vertical dimensions. For example, the flow channel can be at
least 5 times the length of either the horizontal or vertical dimension, e.g., atleast 10 times the length, at least 25 times the
length, at least 100 times the length, at least 200 times the length, at least 500 times the length, at least 1,000 times the
length, atleast 5,000 times the length, or longer. In some embodiments, the length of a flow channel is in the range of from
about 50,000 microns to about 500,000 microns, including any range therebetween. In some embodiments, the horizontal
dimension is in the range of from about 100 microns to about 1000 microns (e.g., about 150 to about 500 microns) and the
vertical dimension is in the range of from about 25 microns to about 200 microns, e.g., from about 40 to about 150 microns.
Itis noted that a flow channel may have a variety of different spatial configurations in a microfluidic device, and thus is not
restricted to a perfectly linear element. For example, a flow channel may include one or more sections having any of the
following configurations: curve, bend, spiral, incline, decline, fork (e.g., multiple different flow paths), and any combination
thereof. In addition, a flow channel may have different cross-sectional areas along its path, widening and constricting to
provide a desired fluid flow therein.

[0041] As used herein, the term "obstruction" refers generally to a bump or similar type of structure that is sufficiently
large so as to partially (but not completely) impede movement of target micro-objects between two different regions or
circuit elements in a microfluidic device. The two different regions/circuit elements can be, for example, a microfluidic
sequestration pen and a microfluidic channel, or a connection region and an isolation region of a microfluidic sequestration
pen.

[0042] As used herein, the term "constriction" refers generally to a narrowing of a width of a circuit element (or an
interface between two circuit elements) in a microfluidic device. The constriction can be located, for example, at the
interface between a microfluidic sequestration pen and a microfluidic channel, or at the interface between an isolation
region and a connection region of a microfluidic sequestration pen.

[0043] As used herein, the term "transparent” refers to a material which allows visible light to pass through without
substantially altering the light as is passes through.

[0044] As used herein, the term "micro-object" refers generally to any microscopic object that may be isolated and
collected in accordance with the present invention. Non-limiting examples of micro-objects include: inanimate micro-
objects such as microparticles; microbeads (e.g., polystyrene beads, Luminex™ beads, or the like); magnetic beads;
microrods; microwires; quantum dots, and the like; biological micro-objects such as cells (e.g., embryos, oocytes, ova,
sperm cells, cells dissociated from a tissue, eukaryotic cells, protist cells, animal cells, mammalian cells, human cells,
immunological cells, hybridomas, cultured cells, cells from a cell line, cancer cells, infected cells, transfected and/or
transformed cells, reporter cells, prokaryotic cells, and the like); biological organelles; vesicles, or complexes; synthetic
vesicles; liposomes (e.g., synthetic or derived from membrane preparations); lipid nanorafts (as described in Ritchie et al.
(2009) "Reconstitution of Membrane Proteins in Phospholipid Bilayer Nanodiscs," Methods Enzymol., 464:211-231), and
the like; or a combination of inanimate micro-objects and biological micro-objects (e.g., microbeads attached to cells,
liposome-coated micro-beads, liposome-coated magnetic beads, or the like). Beads may further have other moieties/-
molecules covalently or non-covalently attached, such as fluorescent labels, proteins, small molecule signaling moieties,
antigens, or chemical/biological species capable of use in an assay.

[0045] As used herein, the term "maintaining (a) cell(s)" refers to providing an environment comprising both fluidic and
gaseous components and, optionally a surface, that provides the conditions necessary to keep the cells viable and/or
expanding.

[0046] A "component" of a fluidic medium is any chemical or biochemical molecule present in the medium, including
solvent molecules, ions, small molecules, antibiotics, nucleotides and nucleosides, nucleic acids, amino acids, peptides,
proteins, sugars, carbohydrates, lipids, fatty acids, cholesterol, metabolites, or the like.

[0047] As used herein in reference to a fluidic medium, "diffuse" and "diffusion"” refer to thermodynamic movement of a
component of the fluidic medium down a concentration gradient.
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[0048] The phrase "flow of a medium" means bulk movement of a fluidic medium primarily due to any mechanism other
than diffusion. For example, flow of a medium can involve movement of the fluidic medium from one point to another point
due to a pressure differential between the points. Such flow can include a continuous, pulsed, periodic, random,
intermittent, or reciprocating flow of the liquid, or any combination thereof. When one fluidic medium flows into another
fluidic medium, turbulence and mixing of the media can result.

[0049] The phrase "substantially no flow" refers to a rate of flow of a fluidic medium that, averaged over time, is less than
the rate of diffusion of components of a material (e.g., an analyte of interest) into or within the fluidic medium. The rate of
diffusion of components of such a material can depend on, for example, temperature, the size of the components, and the
strength of interactions between the components and the fluidic medium.

[0050] As used herein in reference to different regions within a microfluidic device, the phrase "fluidically connected”
means that, when the different regions are substantially filled with fluid, such as fluidic media, the fluid in each of the regions
is connected so as to form a single body of fluid. This does not mean that the fluids (or fluidic media) in the different regions
are necessarily identical in composition. Rather, the fluids in different fluidically connected regions of a microfluidic device
can have different compositions (e.g., different concentrations of solutes, such as proteins, carbohydrates, ions, or other
molecules) which are in flux as solutes move down their respective concentration gradients and/or fluids flow through the
device.

[0051] A microfluidic (or nanofluidic) device can comprise "swept" regions and "unswept" regions. As used herein, a
"swept" region is comprised of one or more fluidically interconnected circuit elements of a microfluidic circuit, each of which
experiences a flow of medium when fluid is flowing through the microfluidic circuit. The circuit elements of a swept region
can include, for example, regions, channels, and all or parts of chambers. As used herein, an "unswept" region is
comprised of one or more fluidically interconnected circuit element of a microfluidic circuit, each of which experiences
substantially no flux of fluid when fluid is flowing through the microfluidic circuit. An unswept region can be fluidically
connected to a swept region, provided the fluidic connections are structured to enable diffusion but substantially no flow of
media between the swept region and the unswept region. The microfluidic device can thus be structured to substantially
isolate an unswept region from a flow of medium in a swept region, while enabling substantially only diffusive fluidic
communication between the swept region and the unswept region. For example, a flow channel of a microfluidic device is
an example of a swept region while an isolation region (described in further detail below) of a microfluidic device is an
example of an unswept region.

[0052] As used herein, a "flow region" refers to one or more fluidically connected circuit elements (e.g. channel(s),
region(s), chamber(s)and the like) that define, and are subject to, the trajectory of a flow of medium. A flow region is thus an
example of a swept region of a microfluidic device. Other circuit elements (e.g., unswept regions) may be fluidically
connected with the circuit elements that comprise the flow region without being subject to the flow of medium in the flow
region.

[0053] Asused herein, "alkyl" refers to a straight or branched hydrocarbon chain radical consisting solely of carbon and
hydrogen atoms, containing no unsaturation, having from one to six carbon atoms (e.g., C1-C6 alkyl). Whenever itappears
herein, a numerical range such as "1 to 6" refers to each integer in the given range; e.g., "1 to 6 carbon atoms" means that
the alkyl group may consist of 1 carbon atom, 2 carbon atoms, 3 carbon atoms, etc., up to and including 6 carbon atoms,
although the present definition also covers the occurrence of the term "alkyl" where no numerical range is designated. In
some embodiments, itisa C1-C3 alkyl group. Typical alkyl groups include, but are in no way limited to, methyl, ethyl, propyl,
isopropyl, n-butyl, iso-butyl, sec-butyl isobutyl, tertiary butyl, pentyl, isopentyl, neopentyl, hexyl, and the like. The alkyl is
attached to the rest of the molecule by a single bond, for example, methyl (Me), ethyl (Et), n-propyl, 1-methylethyl (iso-
propyl), n-butyl, n-pentyl, 1,1-dimethylethyl (t-butyl), hexyl, and the like.

[0054] Unless stated otherwise specifically in the specification, an alkyl group may be optionally substituted by one or
more substituents which independently are: aryl, arylalkyl, heteroaryl, heteroarylalkyl, hydroxy, halo, cyano, trifluoro-
methyl, trifluoromethoxy, nitro, trimethylsilanyl, -OR’, -SR’, -OC(O)-R’, -N(R’)2, -C(O)R’, -C(O)OR’, -OC(O)N(R’)2, -C(O)
N(R’)2, - N(R’)C(O)OR’, -N(R’)C(O)R’, -N(R")C(O)N(R’)2, N(R’)C(NR’)N(R’)2, -N(R")S(O)tR’ (where t is 1 or 2), -S(O)
tOR’(where tis 1 or 2), -S(O)tN(R’)2 (where tis 1 or 2), or PO3(R’)2 where each R’ is independently hydrogen, alkyl,
fluoroalkyl, aryl, aralkyl, heterocycloalkyl, or heteroaryl.

[0055] Asreferredtoherein, afluorinated alkyl moiety is an alkyl moiety having one or more hydrogens of the alkyl moiety
replaced by a fluoro substituent. A perfluorinated alkyl moiety has all hydrogens attached to the alkyl moiety replaced by
fluoro substituents.

[0056] As referred to herein, a "halo" moiety is a bromo, chloro, or fluoro moiety.

[0057] As referred to herein, an "olefinic" compound is an organic molecule which contains an "alkene" moiety. An
alkene moiety refers to a group consisting of at least two carbon atoms and at least one carbon-carbon double bond. The
non-alkene portion of the molecule may be any class of organic molecule, and in some embodiments, may include alkyl or
fluorinated (including but not limited to perfluorinated) alkyl moieties, any of which may be further substituted.

[0058] Asusedherein, a"densely packed hydrophobic monolayer" refers to a single layer of hydrophobic molecules that
are packed sufficiently close together so as to resist intercalation and/or intrusion of polar molecules, such as water, ions,
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and other charged species.

[0059] As used herein: "um" (or "um") means micrometer; "um3" means cubic micrometer; "pL" means picoliter, "nL"
means nanoliter; and "pL" (or "uL") means microliter.

[0060] Methods of loading. Loading of micro-objects, such as biological micro-objects and/or beads, into different
regions of a microfluidic device can involve the use of fluid flow, gravity, a dielectrophoresis (DEP) force, an electrowetting
force, amagneticforce, orany combination thereof as described herein. The DEP force can be generated optically, such as
by an optoelectronic tweezers (OET) configuration and/or electrically, such as by activation of electrodes/electrode
regions in a temporal/spatial pattern. Similarly, the electrowetting force may be provided optically, such as by an opto-
electro wetting (OEW) configuration and/or electrically, such as by activation of electrodes/electrode regions in a temporal
spatial pattern.

[0061] Microfluidic devices and systems for operating and observing such devices. Figure 1A illustrates a
generalized example of a microfluidic device 100 and a system 150 which can be used to control the microfluidic device
100 and the movement of micro-objects and/or droplet therein. A perspective view of the microfluidic device 100 is shown
having a partial cut-away of its cover 110 to provide a partial view into the microfluidic device 100. The microfluidic device
100 generally comprises a microfluidic circuit 120 comprising a flow region 106 through which a fluidic medium 180 can
flow, optionally carrying one or more micro-objects (not shown) into and/or through the microfluidic circuit 120. Although a
single microfluidic circuit 120 is illustrated in Figure 1A, suitable microfluidic devices can include a plurality (e.g., 2 or 3) of
such microfluidic circuits. Regardless, the microfluidic device 100 can be configured to be a nanofluidic device. In the
embodiment illustrated in Figure 1A, the microfluidic circuit 120 comprises a plurality of microfluidic sequestration pens
124,126, 128, and 130, each having a single opening in fluidic communication with flow region 106. As discussed further
below, the microfluidic sequestration pens comprise various features and structures that have been optimized for retaining
micro-objects in the microfluidic device, such as microfluidic device 100, even when a medium 180 is flowing through the
flow region 106. Before turning to the foregoing, however, a brief description of microfluidic device 100 and system 150 is
provided.

[0062] As generally illustrated in Figure 1A, the microfluidic circuit 120 is defined by an enclosure 102. Although the
enclosure 102 can be physically structured in different configurations, in the example shown in Figure 1A the enclosure
102 is depicted as comprising a support structure 104 (e.g., a base), a microfluidic circuit structure 108, and a cover 110. In
certain embodiments, however, the enclosure 102 may lack the cover 110 and the microfluidic circuit 120 may be defined
by the support structure 104 and the microfluidic circuit structure 108. The support structure 104, the microfluidic circuit
structure 108, and (optionally) the cover 110 can be attached to each other. For example, the microfluidic circuit structure
108 can be disposed on an inner surface 109 of the support structure 104, and the cover 110 can be disposed over the
microfluidic circuit structure 108. Together with the support structure 104 and (optionally) the cover 110, the microfluidic
circuit structure 108 can define the elements of the microfluidic circuit 120.

[0063] The support structure 104 can be at the bottom and the cover 110 at the top of the microfluidic circuit 120, as
illustrated in Figure 1A. Alternatively, the support structure 104 and the cover 110 can be configured in other orientations.
For example, the support structure 104 can be at the top and the cover 110 at the bottom of the microfluidic circuit 120.
Regardless, there can be one or more ports 107 each comprising a passage into or out of the enclosure 102. Examples of a
passage include avalve, a gate, a pass-through hole, or the like. Asiillustrated, port 107 is a pass-through hole created by a
gap in the microfluidic circuit structure 108. However, the port 107 can be situated in other components of the enclosure
102, such as the cover 110. Only one port 107 is illustrated in Figure 1A, but the microfluidic circuit 120 can have two or
more ports 107. For example, there can be a first port 107 that functions as an inlet for fluid entering the microfluidic circuit
120, and there can be a second port 107 that functions as an outlet for fluid exiting the microfluidic circuit 120. Whether a
port 107 function as an inlet or an outlet can depend upon the direction that fluid flows through flow region 106.
[0064] The support structure 104 can comprise one or more electrodes (not shown) and a substrate or a plurality of
interconnected substrates. The substrate can be any suitable substrate known in the art. For example, the support
structure 104 can comprise one or more semiconductor substrates, each of which is electrically connected to atleast one of
the one or more electrodes (e.g., all or a subset of the semiconductor substrates can be electrically connected to a single
electrode). Alternatively, the support structure 104 can comprise a printed circuit board assembly ("PCBA") which
comprises the one or more electrodes. In still other embodiments, the support structure 104 can comprise a substrate
(e.g., a semiconductor substrate) which is mounted on a PCBA.

[0065] The microfluidic circuit structure 108 can define circuit elements of the microfluidic circuit 120. Such circuit
elements can comprise spaces or regions that can be fluidly interconnected when microfluidic circuit 120 is filled with fluid,
such as flow regions (which may include or be one or more flow channels), chambers, pens, traps, and the like. In the
microfluidic circuit 120 illustrated in Figure 1A, the microfluidic circuit structure 108 comprises a frame 114 and a
microfluidic circuit material 116. The frame 114 can partially or completely enclose the microfluidic circuit material
116. The frame 114 can be, for example, a relatively rigid structure substantially surrounding the microfluidic circuit
material 116. For example, the frame 114 can comprise a metal material. Alternatively, the microfluidic circuit structure 108
can lack a frame. For example, the microfluidic circuit structure 108 can consist of or consist essentially of the microfluidic
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circuit material 116.

[0066] The microfluidic circuit material 116 can be patterned with cavities or the like to define circuit elements and
interconnections of the microfluidic circuit 120. The microfluidic circuit material 116 can comprise a flexible material, such
as a flexible polymer (e.g. rubber, plastic, elastomer, silicone, polydimethylsiloxane ("PDMS"), or the like), which can be
gas permeable. Other examples of materials that can compose microfluidic circuit material 116 include molded glass, an
etchable material such as silicone (e.g. photo-patternable silicone or "PPS"), photo-resist (e.g., SU8), or the like. In some
embodiments, such materials-and thus the microfluidic circuit material 116-can be rigid and/or substantially impermeable
to gas. Regardless, the microfluidic circuit material 116 can be disposed on the support structure 104 and (optionally)
inside the frame 114.

[0067] Thecover 110 canbe anintegral part of the microfluidic circuit material 116 and/or the frame 114. Alternatively, the
cover 110 can be a structurally distinct element, as illustrated in Figure 1A. The cover 110 can comprise the same or
different materials as the frame 114 and/or the microfluidic circuit material 116. Similarly, the support structure 104 canbe a
separate structure from the microfluidic circuit material 116 or the frame 114, as illustrated, or an integral part of the
microfluidic circuit material 116 or frame 114. Likewise, the microfluidic circuit material 116 and the frame 114, if present,
can be separate structures as shown in Figure 1A or integral portions of the same structure.

[0068] Insome embodiments, the cover 110 can comprise a rigid material. The rigid material may be glass or a material
with similar properties. In some embodiments, the cover 110 can comprise a deformable material. The deformable material
can be a polymer, such as PDMS. In some embodiments, the cover 110 can comprise both rigid and deformable materials.
For example, one or more portions of cover 110 (e.g., one or more portions positioned over sequestration pens 124, 126,
128, 130) can comprise a deformable material that interfaces with rigid materials of the cover 110. In some embodiments,
the cover 110 can further include one or more electrodes. The one or more electrodes can comprise a conductive oxide,
such as indium-tin-oxide (ITO), which may be coated on glass or a similarly insulating material. Alternatively, the one or
more electrodes can be flexible electrodes, such as single-walled nanotubes, multi-walled nanotubes, nanowires, clusters
of electrically conductive nanoparticles, or combinations thereof, embedded in a deformable material, such as a polymer
(e.g., PDMS). Flexible electrodes that can be used in microfluidic devices have been described, for example, in U.S.
2012/0325665 (Chiou et a). In some embodiments, the cover 110 can be modified (e.g., by coating or conditioning all or
part of a surface that faces inward toward the microfluidic circuit 120) to support droplet movement and/or cell adhesion,
cell viability and/or cell growth. The modification may include a coating of a synthetic or natural polymer or a conditioned
surface having covalently bound molecules (e.g., self-associating molecules). In some embodiments, the cover 110
and/or the support structure 104 can be transparentto light. The cover 110 may also include atleast one material thatis gas
permeable (e.g., PDMS or PPS).

[0069] Figure 1A also shows a system 150 for operating and controlling microfluidic devices, such as microfluidic device
100. System 150 includes an electrical power source 192, an imaging device 194 (not shown, but may be part of imaging
module 164), and a tilting device 190 (not shown, but may be part of tilting module 166).

[0070] The electrical power source 192 can provide electric power to the microfluidic device 100 and/or tilting device
190, providing biasing voltages or currents as needed. The electrical power source 192 can, for example, comprise one or
more alternating current (AC) and/or direct current (DC) voltage or current sources. The imaging device 194 can comprise
a device, such as a digital camera, for capturing images inside microfluidic circuit 120. In some instances, the imaging
device 194 further comprises a detector having a fast frame rate and/or high sensitivity (e.g. for low light applications). The
imaging device 194 can alsoinclude a mechanism for directing stimulating radiation and/or light beams into the microfluidic
circuit 120 and collecting radiation and/or light beams reflected or emitted from the microfluidic circuit 120 (or micro-objects
contained therein). The emitted light beams may be in the visible spectrum and may, e.g., include fluorescent emissions.
The reflected light beams may include reflected emissions originating from an LED or a wide spectrum lamp, such as a
mercury lamp (e.g. a high pressure mercury lamp) or a Xenon arc lamp. As discussed with respect to Figure 3B, the
imaging device 194 may further include a microscope (or an optical train), which may or may not include an eyepiece.
[0071] System 150 further comprises atilting device 190 configured to rotate a microfluidic device 100 about one or more
axes of rotation. In some embodiments, the tilting device 190 is configured to support and/or hold the enclosure 102
comprising the microfluidic circuit 120 about at least one axis such that the microfluidic device 100 (and thus the
microfluidic circuit 120) can be held in alevel orientation (i.e. at 0° relative to x- and y-axes), a vertical orientation (i.e. at 90°
relative to the x-axis and/or the y-axis), or any orientation therebetween. The orientation of the microfluidic device 100 (and
the microfluidic circuit 120) relative to an axis is referred to herein as the "tilt" of the microfluidic device 100 (and the
microfluidic circuit 120). For example, the tilting device 190 can tilt the microfluidic device 100 at 0.1°,0.2°,0.3°,0.4°,0.5°,
0.6°,0.7°,0.8°,0.9° 1°,2°, 3% 4°,5° 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°, 75°, 80°, 90°, or any
degree therebetween relative to the x-axis or the y-axis. The level orientation (and thus the x- and y-axes) is defined as
normal to a vertical axis defined by the force of gravity. The tilting device can also tilt the microfluidic device 100 (and the
microfluidic circuit 120) to any degree greater than 90° relative to the x-axis and/or y-axis, or tilt the microfluidic device 100
(and the microfluidic circuit 120) 180° relative to the x-axis or the y-axis in order to fully invert the microfluidic device 100
(and the microfluidic circuit 120). Similarly, in some embodiments, the tilting device 190 tilts the microfluidic device 100
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(and the microfluidic circuit 120) about an axis of rotation defined by flow region 106/channel 122 or some other portion of
microfluidic circuit 120.

[0072] In some instances, the microfluidic device 100 is tilted into a vertical orientation such that the flow region 106/
channel 122 is positioned above or below one or more sequestration pens. The term "above" as used herein denotes that
the flow region 106/channel 122 is positioned higher than the one or more sequestration pens on a vertical axis defined by
the force of gravity (i.e. an object in a sequestration pen above a flow region 106/channel 122 would have a higher
gravitational potential energy than an object in the flow region/channel). The term "below" as used herein denotes that the
flow region 106/channel 122 is positioned lower than the one or more sequestration pens on a vertical axis defined by the
force of gravity (i.e. an object in a sequestration pen below a flow region 106/channel 122 would have a lower gravitational
potential energy than an object in the flow region/channel).

[0073] Insome instances, the tilting device 190 tilts the microfluidic device 100 about an axis that is parallel to the flow
region 106/channel 122. Moreover, the microfluidic device 100 can be tilted to an angle of less than 90° such that the flow
region 106/channel 122 is located above or below one or more sequestration pens without being located directly above or
below the sequestration pens. In other instances, the tilting device 190 tilts the microfluidic device 100 about an axis
perpendicular to the flow region 106/channel 122. In still other instances, the tilting device 190 tilts the microfluidic device
100 about an axis that is neither parallel nor perpendicular to the flow region 106/channel 122.

[0074] System 150 can further include a media source 178. The media source 178 (e.g., a container, reservoir, or the
like) can comprise multiple sections or containers, each for holding a different fluidic medium 180. Thus, the media source
178 can be a device that is outside of and separate from the microfluidic device 100, as illustrated in Figure 1A.
Alternatively, the media source 178 can be located in whole or in part inside the enclosure 102 of the microfluidic device
100. For example, the media source 178 can comprise reservoirs that are part of the microfluidic device 100.

[0075] Figure 1A also illustrates simplified block diagram depictions of examples of control and monitoring equipment
152 that constitute part of system 150 and can be utilized in conjunction with a microfluidic device 100. As shown, examples
of such control and monitoring equipment 152 include a master controller 154, a media module 160 for controlling the
media source 178, a motive module 162 for controlling movement and/or selection of micro-objects and/or medium (e.g.,
droplets of medium) in the microfluidic circuit 120, an imaging module 164 for controlling an imaging device 194 (e.g., a
camera, microscope, light source or any combination thereof) for capturing images (e.g., digital images), and a tilting
module 166 for controlling a tilting device 190. The control equipment 152 can also include other modules 168 for
controlling, monitoring, or performing other functions with respect to the microfluidic device 100. As shown, the equipment
152 can be operatively coupled with (or further include) a display device 170 and an input/output device 172.

[0076] The master controller 154 can comprise a control module 156 and a digital memory 158. The control module 156
can comprise, for example, a digital processor configured to operate in accordance with machine executable instructions
(e.g., software, firmware, source code, or the like) stored as non-transitory data or signals in the memory 158. Alternatively,
or in addition, the control module 156 can comprise hardwired digital circuitry and/or analog circuitry. The media module
160, motive module 162, imaging module 164, tilting module 166, and/or other modules 168 can be similarly configured.
Thus, functions, processes acts, actions, or steps of a process discussed herein as being performed with respect to the
microfluidic device 100 or any other microfluidic apparatus can be performed by any one or more of the master controller
154, media module 160, motive module 162, imaging module 164, tilting module 166, and/or other modules 168
configured as discussed above. Similarly, the master controller 154, media module 160, motive module 162, imaging
module 164, tilting module 166, and/or other modules 168 may be communicatively coupled to transmit and receive data
used in any function, process, act, action or step discussed herein.

[0077] The media module 160 controls the media source 178. For example, the media module 160 can control the media
source 178 to input a selected fluidic medium 180 into the enclosure 102 (e.g., through an inlet port 107). The media
module 160 can also control removal of media from the enclosure 102 (e.g., through an outlet port (not shown)). One or
more media can thus be selectively input into and removed from the microfluidic circuit 120. The media module 160 can
also control the flow of fluidic medium 180 in the flow region 106/channel 122 inside the microfluidic circuit 120. For
example, in some embodiments the media module 160 stops the flow of media 180 in the flow region 106/channel 122 and
through the enclosure 102 prior to the loading of a micro-object or a bead into a sequestration pen (e.g., using gravity,
electrowetting (EW) force, dielectrophoresis (DEP) force, or a combination thereof).

[0078] The motive module 162 can be configured to control selection, trapping, and movement of micro-objects and/or
droplets of medium in the microfluidic circuit 120. As discussed in detail herein, the enclosure 102 can comprise an
electrowetting (EW) configuration, such as an opto-electrowetting (OEW) configuration , an electrowetting on dielectric
(EWOD) configuration, a single-sided electrowetting configuration, or the like. In certain embodiments, the enclosure 102
can further comprise a dielectrophoresis (DEP) configuration, such as an optoelectronic tweezer (OET) configuration, an
electrically actuated DEP configuration, and the like. The motive module 162 can control the activation of electrodes and/or
transistors (e.g., phototransistors) comprised by such EW and/or DEP configurations to select and move micro-objects
and/or droplets of medium in the flow region 106/channel 122 and/or sequestration pens 124, 126, 128, 130.

[0079] Theimaging module 164 can control the imaging device 194 (not shown). For example, the imaging module 164
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can receive and process image data from the imaging device 194. Image data from the imaging device 194 can comprise
any type of information captured by the imaging device 194 (e.g., the presence or absence of micro-objects, droplets of
medium, accumulation of label, such as fluorescent label, etc.). Using the information captured by the imaging device 194,
the imaging module 164 can further calculate the position of objects (e.g., micro-objects, droplets of medium, or the like)
and/or the rate of motion of such objects within the microfluidic device 100.

[0080] The tilting module 166 can control the tilting motions of tilting device 190 (not shown). In addition, the tilting
module 166 can control the tilting rate and timing, for example, to optimize transfer of micro-objects to the one or more
sequestration pens via gravitational forces. The tilting module 166 is communicatively coupled with the imaging module
164 to receive data describing the motion of micro-objects and/or droplets of medium in the microfluidic circuit 120. Using
this data, the tilting module 166 may adjust the tilt of the microfluidic circuit 120 in order to adjust the rate at which micro-
objects and/or droplets of medium move in the microfluidic circuit 120. The tilting module 166 may also use this data to
iteratively adjust the position of a micro-object and/or droplet of medium in the microfluidic circuit 120.

[0081] Inthe example shownin Figure 1A, the microfluidic circuit 120 s illustrated as comprising a single flow region 106
consisting essentially of microfluidic channel 122. Each of sequestration pens 124, 126, 128, and 130 comprises a single
opening to flow region 106/channel 122, but otherwise is enclosed such that the pens can substantially isolate micro-
objects inside the pen from micro-objects and/or fluidic medium 180 in the flow region 106/channel 122 or in other pens.
The wallls of the sequestration pen can extend from the inner surface 109 of the base to the inside surface of the cover 110
to thereby facilitate such isolation. The opening of the pen to the flow region 106/channel 122 can be oriented at an angle
with respect to the flow of fluidic medium 180 in flow region 106/channel 122 such that the flow of fluidic medium 180 is not
directed into the pens. The flow may be, for example, tangential or orthogonal to the plane of the opening of the pen. In
some instances, pens 124, 126, 128, and/or 130 are configured to physically corral one or more micro-objects within the
microfluidic circuit 120. Sequestration pens in accordance with the present invention can comprise various shapes,
surfaces and features that are optimized for use with EW, OEW, DEP, and/or OET forces, fluid flow, and/or gravitational
forces, as will be discussed in detail below.

[0082] The microfluidic circuit 120 may comprise any number of microfluidic sequestration pens. Although five
sequestration pens are shown, microfluidic circuit 120 may have fewer or more sequestration pens. As shown, microfluidic
sequestration pens 124, 126, 128, and 130 of microfluidic circuit 120 each comprise differing features and shapes which
may provide one or more benefits useful for the manipulation of micro-objects and/or droplets of fluidic medium with the
microfluidic device 100. Thus, in some embodiments, the microfluidic circuit 120 may comprise a plurality of microfluidic
sequestration pens, wherein two or more of the sequestration pens comprise differing structures and/or features which
provide differing benefits. In some embodiments, however, the microfluidic circuit 120 comprises a plurality of identical
microfluidic sequestration pens. Microfluidic devices useful the manipulation of micro-objects and/or droplets of medium
may include any of the sequestration pens 124, 126, 128, and 130, or variations thereof, including pens configured like
those shown in FIGS. 2B, 2C, 2D,2E and 2F, as discussed below.

[0083] Inthe embodimentillustrated in Figure 1A, a single flow region 106 is shown. However, other embodiments of
microfluidic device 100 may contain multiple flow regions 106, each configured to proide a separate path for fluid to flow
through the microfluidic device 100. The microfluidic circuit 120 comprises an inlet valve or port 107 in fluid communication
with the flow region 106, whereby fluidic medium 180 can access flow region 106/channel 122 via the inlet port 107. In
some instances, the flow region 106 comprises a single flow path. In other instances, the flow region 106 comprises a
plurality of flow paths (e.g., 2, 3, 4, 5, 6, or more), each of which may comprise a microchannel (e.g., like channel 122). Two
ormore (e.g., all) of the plurality of flow paths may be substantially parallel to one another. For example, flow region 106 can
split into a plurality of parallel channels (e.g., like channel 122). In certain embodiments, the flow region 106 (and one or
more channels comprised by the flow region) is arranged in a zigzag pattern, whereby the flow region 106 travels across
the microfluidic device 100 two or more times in alternating directions. In some instances, the fluidic medium within each
flow region 106 flows in atleast one of a forward or reverse direction. In some instances, a plurality of sequestration pensis
configured (e.g., relative to a flow region 106/channel 122) such that the sequestration pens can be loaded with target
micro-objects in parallel.

[0084] In some embodiments, microfluidic circuit 120 further comprises one or more micro-object traps 132. The traps
132 are generally formed in a wall forming the boundary of a flow region 106/channel 122, and may be positioned opposite
an opening of one or more of the microfluidic sequestration pens 124, 126, 128, and 130. In some embodiments, the traps
132 are configured to receive or capture a single micro-object from the flow region 106/channel 122. In some embodi-
ments, the traps 132 are configured to receive or capture a plurality of micro-objects from the flow region 106/channel 122.
In some instances, the traps 132 comprise a volume approximately equal to the volume of a single target micro-object.
[0085] The traps 132 may further comprise an opening which is configured to assist the flow of targeted micro-objects
into the traps 132. In some instances, the traps 132 comprise an opening having a height and width that is size according to
the dimensions of a single target micro-object, whereby other micro-objects (or micro-objects that are greater in size) are
prevented from entering into the micro-object trap. The traps 132 may further comprise other features configured to assist
in retention of targeted micro-objects within the trap 132. In some instances, the trap 132 is aligned with and situated on the
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opposite side of a channel 122 relative to the opening of a microfluidic sequestration pen, such that upon tilting the
microfluidic device 100 about an axis parallel to the channel 122, the trapped micro-object exits the trap 132 at a trajectory
that causes the micro-object to fall into the opening of the sequestration pen. In some instances, the trap 132 comprises a
side passage 134 that is smaller than the target micro-object in order to facilitate flow through the trap 132 and thereby
increase the likelihood of capturing a micro-object in the trap 132.

[0086] Asdiscussedingreaterdetail below,insome embodiments electrowetting (EW)forces are applied at one or more
positions on the surface of the support structure 104 (and/or the cover 110) of the microfluidic device 100 (e.g., positions
within the flow region and/or the sequestration pens) via one or more electrodes (not shown) to manipulate, transport,
separate and sort droplets located in the microfluidic circuit 120. For example, in some embodiments, EW forces are
applied at one or more positions on the surface of the support structure 104 (and/or the cover 110) to transfer a droplet from
the flow region 106 into a desired microfluidic sequestration pen. In some embodiments, EW forces are used to prevent a
droplet within a sequestration pen (e.g., sequestration pen 124, 126, 128, or 130) from being displaced therefrom. Further,
in some embodiments, EW forces are used to selectively remove a droplet from a sequestration pen that was previously
collected in accordance with the teachings of the instant invention. In some embodiments, the EW forces comprise opto-
electrowetting (OEW) forces.

[0087] Insomeembodiments, dielectrophoretic (DEP) forces are applied across the fluidic medium 180 (e.g., in the flow
region and/orinthe sequestration pens) via one or more electrodes (not shown) to manipulate, transport, separate and sort
micro-objects located therein. For example, in some embodiments, DEP forces are applied within one or more portions of
microfluidic circuit 120 to transfer a single micro-object from the flow region 106 into a desired microfluidic sequestration
pen. In some embodiments, DEP forces are used to prevent a micro-object within a sequestration pen (e.g., sequestration
pen 124, 126, 128, or 130) from being displaced therefrom. Further, in some embodiments, DEP forces are used to
selectively remove a micro-object from a sequestration pen that was previously collected in accordance with the teachings
of the instant invention. In some embodiments, the DEP forces comprise optoelectronic tweezer (OET) forces.

[0088] Insome embodiments, DEP and/or EW forces are combined with other forces, such as flow and/or gravitational
force, so as to manipulate, transport, separate and sort micro-objects and/or droplets within the microfluidic circuit 120. For
example, the enclosure 102 can be tilted (e.g., by tilting device 190) to position the flow region 106/channel 122 and micro-
objects located therein above the microfluidic sequestration pens, and the force of gravity can transport the micro-objects
and/or droplets into the pens. In some embodiments, the DEP and/or EW forces can be applied prior to the other forces. In
otherembodiments, the DEP and/or EW forces can be applied after the otherforces. In still otherinstances, the DEP and/or
EW forces can be applied at the same time as the other forces or in an alternating manner with the other forces.
[0089] Microfluidic device motive configurations. As described above, the control and monitoring equipment of the
system can comprise a motive module for selecting and moving objects, such as micro-objects or droplets, in the
microfluidic circuit of a microfluidic device. The microfluidic devices of the invention can have a variety of motive
configurations, depending upon the type of object being moved and other considerations. In particular, the support
structure 104 and/or cover 110 of the microfluidic device 100 can comprise an electrowetting (EW) configuration for
selectively inducing EW forces on droplets in a fluidic medium 180 in the microfluidic circuit 120 and thereby select,
capture, and/or move individual droplets or groups of droplets. In certain embodiments, the microfluidic devices of the
invention can comprise a first section having an EW configuration and a second section having a dielectrophoresis (DEP)
configuration. Thus, at least a section of the the support structure 104 and/or cover 110 of the microfluidic device 100 can
comprise a DEP configuration for selectively inducing DEP forces on micro-objects in a fluidic medium 180 in the
microfluidic circuit 120 and thereby select, capture, and/or move individual micro-objects or groups of micro-objects
[0090] Electrowetting configurations. In certain embodiments, a microfluidic device of the invention can comprise an
electrowetting configuration which includes a substrate having a dielectric layer and a droplet actuation surface, the
droplet actuation surface comprising a hydrophobic layer covalently bonded to the dielectric layer. The dielectric layer can
located beneath the hydrophobic layer such that a droplet resting on the substrate directly contacts the hydrophobic layer.
Figure 2A illustrates an example of a portion of such a microfluidic device.

[0091] Asshown, apparatus 400 can include a base 104 which comprises the substrate and atleast one electrode (e.g.,
a first electrode) 418. The substrate can comprise various layers, including an outer hydrophobic layer 412, an inner
dielectriclayer414, a conductive layer416, an electrode 418, and optionally a support420. The hydrophobiclayer412 and
the inner dielectric layer 414 can provide an inward-facing surface of the substrate 102 that defines, in part, the enclosure.
[0092] Apparatus 400 also includes a cover 110, which includes an outer hydrophobic layer 422, an inner layer 428,
which may comprise the at least one electrode, and optionally a support 430. Cover 110 and base 104 are substantially
parallel to one another and joined together by a spacing element 108 (e.g., microfluidic circuit material) so as to define an
enclosure 435 configured to hold a liquid medium. The liquid medium can be, for example, a hydrophobic liquid, such as an
oil. In addition, the enclosure 435 can hold a droplet of liquid 440, such as an aqueous medium. Typically, the liquid medium
and the liquid of the droplet are selected to be immiscible liquids.

[0093] The spacing element 108 can comprise a polymer. The polymer can be, for example, a silicon-based organic
polymer, such as polydimethylsiloxane (PDMS) or photo-patternable silicone (PPS), both available from Dow Corning.
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Alternatively, the spacing element 108 can comprise an epoxy-based adhesive. The epoxy-based adhesive can be, for
example, SU-8 or equivalent types of materials. The spacing element 108 can have a thickness (i.e., the gap between the
inner surface of the substrate 104 and the cover 110) of at least 30, 40, 50, 60, 70, 80, 90, 100, or more microns. Thus, for
example, the thickness of spacing element 108 can be 30-60 microns, 40-80 microns, 50-100 microns, 60-120 microns,
70-140 microns, 75-150 microns, 80-160 microns, 90-180 microns, or 100-200 microns.

[0094] The spacing element 108 can define one or more microfluidic channels within the enclosure. In addition, the
spacing element 108 can further define a plurality of chambers (or sequestration pens) within the enclosure, wherein each
chamber is fluidically connected to and opens off of at least one microfluidic channel. Thus, for example, the spacing
element 108 can define a single microfluidic channel and a plurality of chambers fluidically connected thereto, or a plurality
of microfluidic channels with each channel fluidically connected to a plurality of chambers. Furthermore, each chamber
can be fluidically connected to more than one microfluidic channel, as illustrated in Figures 6 and 7.

[0095] When the atleast one electrode 418 of the substrate 104 and the at least one electrode 428 of the cover 110 are
connected to opposing terminals of an AC voltage source (not shown), the substrate 104 is capable of applying an
electrowetting force to aqueous droplets in contact with the outer hydrophobic surface 412 (i.e., the droplet actuation
surface) of the substrate 104. In certain embodiments, the AC voltage used to achieve electrowetting-based movement of
a droplet in the microfluidic device is at least 20 Volts peak-to-peak (ppV) (e.g., about 20 to 80 ppV, about 20 to 60 ppV,
about 25 to 50 ppV, about 25 to 40 ppV, or about 25 to 35 ppV). In certain embodiments, the frequency of the AC voltage
used to achieve electrowetting-based movement of a droplet in the microfluidic device is about 1 to 100 kHz (e.g., about 5
to 90 kHz, about 10 to 80 kHz, about 15 to 70 kHz, about 20 to 60 kHz, about 25 to 50 kHz, or about 30 to 40 kHz).
[0096] The outer hydrophobic layer 412 of the substrate 104 and the outer hydrophobic layer 422 of the cover 110 can
each comprise a densely packed monolayer of self-associating molecules covalently bound to the inner dielectric layer
414 of the substrate 104 or the inner layer 428 of the cover 110, respectively. The self-associating molecules of the
monolayer comprise sufficient two-dimensional packing density so as to create a hydrophobic barrier between a surface to
which the monolayeris bound and a hydrophilicliquid (i.e., to prevent intercalation and/or penetration of polar molecules or
other chemical species into the monolayer). The packing density of a densely packed monolayer will depend on the self-
associating molecules used. A densely packed monolayer comprising alkyl-terminated siloxane will typically comprise at
least 1x1074 molecules/cm? (e.g., at least 1.5x 1014, 2.0x1014, 2.5x 1014, or more molecules/cm?2).

[0097] Asdescribedin greater detail below, the self-associating molecules can each comprise a linking group, suchas a
siloxane group or a phosphonic acid group. The siloxane groups can be covalently bonded to the molecules of the inner
dielectric layer 414 or inner layer 428. Similarly, th phosphonic acid groups can be covalently bonded to the molecules of
the inner dielectric layer 414 or inner layer 428. The self-associating molecules can comprise long-chain hydrocarbons,
which can be unbranched. Thus, the self-associating molecules can comprise alkyl-terminated siloxane or alkyl-
terminated phosphonic acid. The long-chain hydrocarbons can comprise a chain of at least 10 carbons (e.g., at least
16, 18, 20, 22, or more carbons). The self-associating molecules can comprise fluorinated carbon chains. Thus, for
example, the self-associating molecules can comprise fluoroalkyl-terminated siloxane or fluoroalkyl-terminated phos-
phonic acid. The fluorinated carbon chains can have the chemical formula CF3-(CF,)m-(CH,)n-, whereinmis atleast 2, n
is 0,1,2, or greater, and m+n is at least 9.

[0098] The monolayer of self-associating molecules can have a thickness of less than about 5 nanometers (e.g., about
1.0 to about 4.0 nanometers, about 1.5 to about 3.0 nanometers, or about 2.0 to about 2.5 nanometers).

[0099] The outer hydrophobic layer 412 of the substrate 104 can be patterned such that select regions are relatively
hydrophilic compared to the remainder of the outer hydrophobic layer. This can be achieved, forexample, by increasing the
voltage drop across the underlying inner dielectric layer 122 to 50 ppV or greater (e.g., 60, 65, 70, 75, 80, or more ppV) fora
period of time. Without intending to be bound by theory, itis believed that the relatively hydrophilic regions comprise water
molecules that have intercalated into the monolayer.

[0100] The inner dielectric layer of the substrate comprises one or more oxide layers. For example, the inner dielectric
layer can comprise or consist of a single oxide layer, such as a metal oxide layer. In some embodiments, one layer can be
silicon dioxide or silicon nitride, and the other layer can be a metal oxide, such as aluminum oxide. In certain embodiment,
the thickness of the metal oxide layer can range from about 15 nm to about 45 nm, or about 30 nm to about 40 nm, or about
33 nm to about 36 nm. The metal oxide layer can be deposited by an Atomic Layer Deposition (ALD) technique and the
layer comprising silicon dioxide or silicon nitride can be deposited by a Plasma Enhanced Chemical Vapor Deposition
(PECVD) technique.

[0101] In yet another embodiment, the inner dielectric layer can comprise three layers of dielectric material. In some
embodiments, a first layer can comprise a metal oxide, such as aluminum oxide, hafnium oxide, or the like, which can be
sandwiched between a silicon dioxide layer and a silicon nitride layer. In certain embodiment, the thickness of the metal
oxide layer canrange from about 5 nmto about 20 nm, and the layer can be deposited by an Atomic Layer Deposition (ALD)
technique. The silicon oxide layer can also be deposited by ALD, and can have a thickness of about 2 nm to about 10 nm.
The silicon nitride layer can be deposited by a Plasma Enhanced Chemical Vapor Deposition (PECVD) technique has and
can have a thickness of about 80 nm to about 100 nm, or about 90 nm thickness.

15



10

15

20

25

30

35

40

45

50

55

EP 3 862 088 B1

[0102] Regardless of the number of layers that make up the inner dielectric layer, the inner dielectric layer can have a
thickness of about 50 to 105 nanometers and/or an impedance of about 50 to 150 kOhms, with a preferred embodiment of
about 100 kOhms.

[0103] The substrate 104 can comprise a photoresponsive layer 146 having a first side that contacts the inner dielectric
layer 414. The second side of the photoresponsive layer 416 can contact the at least one electrode 418. The photo-
responsive layer416 can comprise hydrogenated amorphous silicon (a-Si:H). Forexample, the a-Si:H can comprise about
8% t040% hydrogen (i.e., calculated as 100 * the number of hydrogen atoms / total number of hydrogen and silicon atoms).
The a-Si:H layer can have a thickness of atleastabout 500 nanometers (e.g., atleast about 600 to 1400, about 700 to 1300,
about800to 1200, about 900 to 1100, or about 1000 nanometers). However, the thickness of the a-Si:H layer can be varied
in accordance with the thickness of the inner dielectric layer 414 so as to achieve a suitable difference between the
impedance of the inner dielectric layer 414 and the impedance of the a-Si:H layer when the substrate 104 is in the on state
(i.e.,illuminated and conducting) and the off state (i.e., dark and non-conducting). For example, the impedance of the inner
dielectric layer 414 can be tuned to about 50 kOhms to about 150 kOhms, and the impedance of the a-Si:H layer can be
tuned to atleast about 0.5 MOhms in the off state and less than or equal to about 1 kOhms in the on state. These are only
examples, but they illustrate how the impedances can be tuned to achieve a photoresponsive (in this case, photo-
conductive) layer 416 displaying robust on/off performance. In embodiments where the substrate 104 has a photo-
responsive layer 416 formed from a-Si:H layer, the substrate 104 can optionally include floating electrode pads located
between the photoresponsive layer 416 and the inner dielectric layer 414. Such floating electrode pads have been
described, for example, in U.S. Patent No. 6,958 132.

[0104] The photoresponsive layer416 can, alternatively, comprise a plurality of conductors, each conductor controllably
connectable to the at least one electrode of the substrate 102 via a phototransistor switch. Conductors controlled by
phototransistor switches are well-known in the art and have been described, e.g., in U.S. Patent Application No.
2014/0124i 70.

[0105] The substrate 104 can comprise a single electrode 418 configured to be connected to an AC voltage source. The
single electrode 418 can comprising a layer of indium-tin-oxide (ITO), which can, for example, be formed upon by a glass
support 420. Alternatively, the single electrode 418 can comprise a layer of electrically conductive silicon. In other
embodiments, the substrate 104 can comprise a plurality of electrodes that are individually addressable, as in the manner
of EWOD devices, which are well-known in the art. The individually addressable electrodes can be connectable to one or
more AC voltage sources via corresponding transistor switches.

[0106] The cover 110 can, in the manner of the substrate, further comprise a dielectric layer (not shown) juxtaposed to
the hydrophobic layer 422, and a conductive layer (not shown) juxtaposed between the dielectric layer and the electrode
428. Thus, the microfluidic apparatus 400 can have both the substrate 104 and the cover 110 configured to provide an
electrowetting force to an aqueous droplet 440 located within the enclosure 435. In such embodiments, the dielectric layer
ofthe cover 110 can be configured in any of the ways disclosed herein for the inner dielectric layer 414 of the substrate 104,
and the conductive layer of the cover 104 can be configured in any of the ways disclosed herein for the conductive layer 126
of the substrate 102.

[0107] Dielectrophoresis (DEP) configurations. As discussed herein, the microfluidic devices of the invention can
include a section having a DEP configuration. One example of such as section is microfluidic device 200 illustrated in
Figures 1C and 1D While for purposes of simplicity Figures 1C and 1D show a vertical cross-sectional view and a horizontal
cross-sectional view, respectively, of a portion of an enclosure 102 of the microfluidic device 200 having an open
region/chamber 202, it should be understood that the region/chamber 202 may be part of a fluidic circuit element having a
more detailed structure, such as a growth chamber, a sequestration pen, a flow region, or a flow channel. Furthermore, the
microfluidic device 200 may include other fluidic circuit elements. For example, the microfluidic device 200 can include a
plurality of growth chambers or sequestration pens and/or one or more flow regions or flow channels, such as those
described herein with respect to microfluidic device 100. A DEP configuration may be incorporated into any such fluidic
circuit elements of the microfluidic device 200, or select portions thereof. It should be further appreciated that any of the
above or below described microfluidic device components and system components may be incorporated in and/or used in
combination with the microfluidic device 200. For example, system 150 including control and monitoring equipment 152,
described above, may be used with microfluidic device 200, including one or more of the media module 160, motive module
162, imaging module 164, tilting module 166, and other modules 168.

[0108] AsseeninFigure 1C, the microfluidic device 200 includes a support structure 104 having a bottom electrode 204
and an electrode activation substrate 206 overlying the bottom electrode 204, and a cover 110 having a top electrode 210,
with the top electrode 210 spaced apart from the bottom electrode 204. The top electrode 210 and the electrode activation
substrate 206 define opposing surfaces of the region/chamber 202. A medium 180 contained in the region/chamber 202
thus provides a resistive connection between the top electrode 210 and the electrode activation substrate 206. A power
source 212 configured to be connected to the bottom electrode 204 and the top electrode 210 and create a biasing voltage
between the electrodes, as required for the generation of DEP forces in the region/chamber 202, is also shown. The power
source 212 can be, for example, an alternating current (AC) power source.
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[0109] In certain embodiments, the microfluidic device 200 illustrated in Figures 1C and 1D can have an optically-
actuated DEP configuration. Accordingly, changing patterns of light 218 from the light source 216, which may be controlled
by the motive module 162, can selectively activate and deactivate changing patterns of DEP electrodes at regions 214 of
the inner surface 208 of the electrode activation substrate 206. (Hereinafter the regions 214 of a microfluidic device having
a DEP configuration are referred to as "DEP electrode regions.") As illustrated in Figure 1D, a light pattern 218 directed
onto the inner surface 208 of the electrode activation substrate 206 can illuminate select DEP electrode regions 214a
(shown in white) in a pattern, such as a square. The non-illuminated DEP electrode regions 214 (cross-hatched) are
hereinafter referred to as "dark" DEP electrode regions 214. The relative electrical impedance through the DEP electrode
activation substrate 206 (i.e., from the bottom electrode 204 up to the inner surface 208 of the electrode activation
substrate 206 which interfaces with the medium 180 in the flow region 106) is greater than the relative electricalimpedance
through the medium 180 in the region/chamber 202 (i.e., from the inner surface 208 of the electrode activation substrate
206 to the top electrode 210 of the cover 110) at each dark DEP electrode region 214. Anilluminated DEP electrode region
214a, however, exhibits a reduced relative impedance through the electrode activation substrate 206 that is less than the
relative impedance through the medium 180 in the region/chamber 202 at each illuminated DEP electrode region 214a.
[0110] With the power source 212 activated, the foregoing DEP configuration creates an electric field gradient in the
fluidic medium 180 between illuminated DEP electrode regions 214a and adjacent dark DEP electrode regions 214, which
in turn creates local DEP forces that attract or repel nearby micro-objects (not shown) in the fluidic medium 180. DEP
electrodes that attract or repel micro-objects in the fluidic medium 180 can thus be selectively activated and deactivated at
many different such DEP electrode regions 214 at the inner surface 208 of the region/chamber 202 by changing light
patterns 218 projected from a light source 216 into the microfluidic device 200. Whether the DEP forces attract or repel
nearby micro-objects can depend on such parameters as the frequency of the power source 212 and the dielectric
properties of the medium 180 and/or micro-objects (not shown).

[0111] The square pattern 220 of illuminated DEP electrode regions 214aillustrated in Figure 1C is an example only. Any
pattern of the DEP electrode regions 214 can be illuminated (and thereby activated) by the pattern of light 218 projected
into the device 200, and the pattern of illuminated/activated DEP electrode regions 214 can be repeatedly changed by
changing or moving the light pattern 218.

[0112] In some embodiments, the electrode activation substrate 206 can comprise or consist of a photoconductive
material. In such embodiments, the inner surface 208 of the electrode activation substrate 206 can be featureless. For
example, the electrode activation substrate 206 can comprise or consist of a layer of hydrogenated amorphous silicon (a-
Si:H). The a-Si:H can comprise, for example, about 8% to 40% hydrogen (calculated as 100 * the number of hydrogen
atoms/the total number of hydrogen and silicon atoms). The layer of a-Si:H can have a thickness of about 500 nm to about
2.0 pm. In such embodiments, the DEP electrode regions 214 can be created anywhere and in any pattern on the inner
surface 208 of the electrode activation substrate 206, in accordance with the light pattern 218. The number and pattern of
the DEP electrode regions 214 thus need not be fixed, but can correspond to the light pattern 218. Examples of microfluidic
devices having a DEP configuration comprising a photoconductive layer such as discussed above have been described,
for example, in U.S. Patent No. RE 44,711 (Wu et al.) (originally issued as U.S. Patent No. 7,612,355).

[0113] Inother embodiments, the electrode activation substrate 206 can comprise a substrate comprising a plurality of
doped layers, electrically insulating layers (or regions), and electrically conductive layers that form semiconductor
integrated circuits, such as is known in semiconductor fields. For example, the electrode activation substrate 206 can
comprise a plurality of phototransistors, including, for example, lateral bipolar phototransistors, each phototransistor
corresponding to a DEP electrode region 214. Alternatively, the electrode activation substrate 206 can comprise
electrodes (e.g., conductive metal electrodes) controlled by phototransistor switches, with each such electrode corre-
sponding to a DEP electrode region 214. The electrode activation substrate 206 can include a pattern of such photo-
transistors or phototransistor-controlled electrodes. The pattern, for example, can be an array of substantially square
phototransistors or phototransistor-controlled electrodes arranged in rows and columns, such as shown in Fig. 2B.
Alternatively, the pattern can be an array of substantially hexagonal phototransistors or phototransistor-controlled
electrodes that form a hexagonal lattice. Regardless of the pattern, electric circuit elements can form electrical connec-
tions between the DEP electrode regions 214 at the inner surface 208 of the electrode activation substrate 206 and the
bottom electrode 210, and those electrical connections (i.e., phototransistors or electrodes) can be selectively activated
and deactivated by the light pattern 218. When not activated, each electrical connection can have high impedance such
that the relative impedance through the electrode activation substrate 206 (i.e., from the bottom electrode 204 to the inner
surface 208 of the electrode activation substrate 206 which interfaces with the medium 180 in the region/chamber 202) is
greater than the relative impedance through the medium 180 (i.e., from the inner surface 208 of the electrode activation
substrate 206 to the top electrode 210 of the cover 110) at the corresponding DEP electrode region 214. When activated by
lightinthelight pattern 218, however, the relative impedance through the electrode activation substrate 206 is less than the
relative impedance through the medium 180 at each illuminated DEP electrode region 214, thereby activating the DEP
electrode at the corresponding DEP electrode region 214 as discussed above. DEP electrodes that attract or repel micro-
objects (not shown) in the medium 180 can thus be selectively activated and deactivated at many different DEP electrode
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regions 214 at the inner surface 208 of the electrode activation substrate 206 in the region/chamber 202 in a manner
determined by the light pattern 218.

[0114] Examples of microfluidic devices having electrode activation substrates that comprise phototransistors have
been described, for example, in U.S. Patent No. 7,956,339 (Ohta et al.) (see, e.g., device 300 illustrated in Figures 21 and
22, and descriptions thereof). Examples of microfluidic devices having electrode activation substrates that comprise
electrodes controlled by phototransistor switches have been described, for example, in U.S. Patent Publication No.
2014/0124370 (Short et al.) (see, e.g., devices 200, 400, 500, 600, and 900 illustrated throughout the drawings, and
descriptions thereof).

[0115] Insomeembodiments of a DEP configured microfluidic device, the top electrode 210 is part of a first wall (or cover
110) of the enclosure 102, and the electrode activation substrate 206 and bottom electrode 204 are part of a second wall (or
support structure 104) of the enclosure 102. The region/chamber 202 can be between the first wall and the second wall. In
other embodiments, the electrode 210 is part of the second wall (or support structure 104) and one or both of the electrode
activation substrate 206 and/or the electrode 210 are part of the firstwall (or cover 110). Moreover, the light source 216 can
alternatively be used to illuminate the enclosure 102 from below.

[0116] With the microfluidic device 200 of Figures 1C-1D having a DEP configuration, the motive module 162 can select
a micro-object (not shown) in the medium 180 in the region/chamber 202 by projecting a light pattern 218 into the device
200 to activate a first set of one or more DEP electrodes at DEP electrode regions 214a of the inner surface 208 of the
electrode activation substrate 206 in a pattern (e.g., square pattern 220) that surrounds and captures the micro-object. The
motive module 162 can then move the captured micro-object by moving the light pattern 218 relative to the device 200 to
activate a second set of one or more DEP electrodes at DEP electrode regions 214. Alternatively, the device 200 can be
moved relative to the light pattern 218.

[0117] In other embodiments, the microfluidic device 200 can have a DEP configuration that does not rely upon light
activation of DEP electrodes at the inner surface 208 of the electrode activation substrate 206. For example, the electrode
activation substrate 206 can comprise selectively addressable and energizable electrodes positioned opposite to a
surface including atleast one electrode (e.g., cover 110). Switches (e.g., transistor switches in a semiconductor substrate)
may be selectively opened and closed to activate or inactivate DEP electrodes at DEP electrode regions 214, thereby
creating a net DEP force on a micro-object (not shown) in region/chamber 202 in the vicinity of the activated DEP
electrodes. Depending on such characteristics as the frequency of the power source 212 and the dielectric properties of
the medium (not shown) and/or micro-objects in the region/chamber 202, the DEP force can attract or repel a nearby micro-
object. By selectively activating and deactivating a set of DEP electrodes (e.g., at a set of DEP electrodes regions 214 that
forms a square pattern 220), one or more micro-objects in region/chamber 202 can be trapped and moved within the
region/chamber 202. The motive module 162 in Figure 1A can control such switches and thus activate and deactivate
individual ones of the DEP electrodes to select, trap, and move particular micro-objects (not shown) around the
region/chamber 202. Microfluidic devices having a DEP configuration that includes selectively addressable and energiz-
able electrodes are known in the art and have been described, for example, in U.S. Patent Nos. 6,294,063 (Becker et al.)
and 6,942,776 (Medoro).

[0118] Microfluidic devices with electrowetting and dielectrophoresis (DEP) configurations. Figure 4 is a vertical
cross-sectional view of a microfluidic device or apparatus 450 that integrates multiple microfluidic applications in
accordance with various embodiments. The device 450 comprises two different sections (though there could be more),
each having a single microfluidic configuration. Section 460 comprises an electrowetting configuration, which includes a
base 104 which comprises the substrate. The substrate comprises various layers, including an outer hydrophobic layer
412, aninner dielectric layer 414, a conductive layer 416, and an electrode 418. The hydrophobic layer 412 and the inner
dielectric layer 414 can provide an inward-facing surface of the substrate that defines, in part, the enclosure 435. Section
460 also includes a cover 110 comprising an electrode 428 and an outer hydrophobic layer 422, and microfluidic circuit
material 108 that connects the base 104 with the cover 110 and further helps to define the microfluidic circuit of the
electrowetting section, including enclosure 435 which is configured to hold an immiscible fluid.

[0119] Section 470 of microfluidic device 450 comprises a dielectrophoresis DEP configuration, which includes a base
104, a first electrode 479, an electrode activation substrate 474, and an inward-facing surface that defines, in part, the
enclosure 475. Section 470 further includes a cover 110 comprising an electrode 468, and microfluidic circuit material 108
that connects the base 104 with the cover 110 and further helps to define the microfluidic circuit of the DEP section.
[0120] Asshownin Figure 4, the electrowetting section 460 and the DEP section 470 can share the same base 104 and
cover 110, while their substrates and electrodes are not shared. The electrowetting section 460 and the DEP section 470 of
device 450 can be joined by a bridge 465, which can be tubing, an adhesive material, or the like, or any combination thereof.
[0121] Figure 5 is a vertical cross-sectional view of a microfluidic device or apparatus 500 that integrates multiple
microfluidic applications in accordance with various embodiments. Like device 400, device 500 comprises two different
sections (though there could be more), each having a single microfluidic configuration. Specifically, section 460 comprises
an electrowetting configuration and section 470 comprises a DEP configuration. The various components of device 500
have corresponding parts to those in device 400, as shown by corresponding reference numbers. However, device 500
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has a monolithic substrate having a conductive layer 416, afirst electrode 418, and a second electrode 428, all of which are
shared by both sections 460 and 470.

[0122] Figures 19A and 19B provide a view of an electrical addressing operational representation for one functional
aspect in accordance with the embodiments depicted in connection with Figure 5. As previously described in connection
with Figure 5, the system integrates two microfluidic operations, as depicted by DEP and EW modules that share a
monolithic substrate 416. In this embodiment, the DEP (which can be an OET) module has lowerimpedance relative to the
EW module. During operation, the EW module’s impedance overcomes the DEP module’s impedance and essentially
renders the DEP module a short circuit.

[0123] Inone embodimentas depicted in Figure 19A, the OEP module operates by applying a voltage in arange of 1-10
Volts at a frequency in a range of 100 kHz to 10 mHz. In the same embodiment, as depicted in Figure 19B, OEW module
operates by applying a voltage in a range of 10-100 Volts at a frequency in a range of 1 kHz to 300 kHz. In one preferred
embodiment, the OEP module operates by applying a voltage of 5 Volts at a frequency of 1 Mhz and the OEW module
operates by applying a voltage of 30 Volts at a frequency of 30 kHz.

[0124] Sequestration pens. Non-limiting examples of generic sequestration pens 224, 226, and 228 are shown within
the microfluidic device 230 depicted in Figures 2A-2C. Each sequestration pen 224, 226, and 228 can comprise an
isolation structure 232 defining an isolation region 240 and a connection region 236 fluidically connecting the isolation
region 240 to a channel 122. The connection region 236 can comprise a proximal opening 234 to the channel 122 and a
distal opening 238 to the isolation region 240. The connection region 236 can be configured so that the maximum
penetration depth of a flow of a fluidic medium (not shown) flowing from the channel 122 into the sequestration pen 224,
226, 228 does not extend into the isolation region 240. Thus, due to the connection region 236, a micro-object (not shown)
or other material (not shown) disposed in an isolation region 240 of a sequestration pen 224, 226, 228 can thus be isolated
from, and not substantially affected by, a flow of medium 180 in the channel 122.

[0125] The sequestration pens 224, 226, and 228 of Figures 2A-2C each have a single opening which opens directly to
the channel 122. The opening of the sequestration pen opens laterally from the channel 122. The electrode activation
substrate 206 underlays both the channel 122 and the sequestration pens 224, 226, and 228. The upper surface of the
electrode activation substrate 206 within the enclosure of a sequestration pen, forming the floor of the sequestration pen, is
disposed at the same level or substantially the same level of the upper surface the of electrode activation substrate 206
within the channel 122 (or flow region if a channel is not present), forming the floor of the flow channel (or flow region,
respectively) of the microfluidic device. The electrode activation substrate 206 may be featureless or may have anirregular
or patterned surface that varies from its highest elevation to its lowest depression by less than about 3 microns, 2.5
microns, 2 microns, 1.5 microns, 1 micron, 0.9 microns, 0.5 microns, 0.4 microns, 0.2 microns, 0.1 microns or less. The
variation of elevation in the upper surface of the substrate across both the channel 122 (or flow region) and sequestration
pens may be less than about 3%, 2%, 1%. 0.9%, 0.8%, 0.5%, 0.3% or 0.1% of the height of the walls of the sequestration
pen or walls of the microfluidic device. While described in detail for the microfluidic device 200, this also applies to any of the
microfluidic devices 100, 230, 250, 280, 290, 600, 700 described herein.

[0126] The channel 122 can thus be an example of a swept region, and the isolation regions 240 of the sequestration
pens 224,226, 228 can be examples of unswept regions. As noted, the channel 122 and sequestration pens 224, 226, 228
can be configured to contain one or more fluidic media 180. In the example shown in Figures 2A-2B, the ports 222 are
connected to the channel 122 and allow a fluidic medium 180 to be introduced into or removed from the microfluidic device
230. Prior tointroduction of the fluidic medium 180, the microfluidic device may be primed with a gas such as carbon dioxide
gas. Once the microfluidic device 230 contains the fluidic medium 180, the flow 242 of fluidic medium 180 in the channel
122 can be selectively generated and stopped. For example, as shown, the ports 222 can be disposed at differentlocations
(e.g., opposite ends) of the channel 122, and a flow 242 of medium can be created from one port 222 functioning as aninlet
to another port 222 functioning as an outlet.

[0127] Figure 2C illustrates a detailed view of an example of a sequestration pen 224 according to the presentinvention.
Examples of micro-objects 246 are also shown.

[0128] As is known, a flow 242 of fluidic medium 180 in a microfluidic channel 122 past a proximal opening 234 of
sequestration pen 224 can cause a secondary flow 244 of the medium 180 into and/or out of the sequestration pen 224. To
isolate micro-objects 246 in the isolation region 240 of a sequestration pen 224 from the secondary flow 244, the length
L.on, Of the connection region 236 of the sequestration pen 224 (i.e., from the proximal opening 234 to the distal opening
238) should be greater than the penetration depth Dp of the secondary flow 244 into the connection region 236. The
penetration depth Dp of the secondary flow 244 depends upon the velocity of the fluidic medium 180 flowing in the channel
122 and various parameters relating to the configuration of the channel 122 and the proximal opening 234 of the
connection region 236 to the channel 122. For a given microfluidic device, the configurations of the channel 122 and the
opening 234 will be fixed, whereas the rate of flow 242 of fluidic medium 180 in the channel 122 will be variable.
Accordingly, for each sequestration pen 224, a maximal velocity V,, for the flow 242 of fluidic medium 180 in channel 122
can be identified that ensures that the penetration depth D, of the secondary flow 244 does not exceed the length L, of
the connection region 236. As long as the rate of the flow 242 of fluidic medium 180 in the channel 122 does not exceed the
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maximum velocity V..., the resulting secondary flow 244 can be limited to the channel 122 and the connection region 236
and kept out of the isolation region 240. The flow 242 of medium 180 in the channel 122 will thus not draw micro-objects 246
out of the isolation region 240. Rather, micro-objects 246 located in the isolation region 240 will stay in the isolation region
240 regardless of the flow 242 of fluidic medium 180 in the channel 122.

[0129] Moreover, as long as the rate of flow 242 of medium 180 in the channel 122 does notexceed V., the flow 242 of
fluidic medium 180 in the channel 122 will not move miscellaneous particles (e.g., microparticles and/or nanoparticles)
from the channel 122 into the isolation region 240 of a sequestration pen 224. Having the length L, of the connection
region 236 be greater than the maximum penetration depth Dp ofthe secondary flow 244 can thus prevent contamination of
one sequestration pen 224 with miscellaneous particles from the channel 122 or another sequestration pen (e.g.,
sequestration pens 226, 228 in Fig. 2D).

[0130] Because the channel 122 and the connection regions 236 of the sequestration pens 224, 226, 228 can be
affected by the flow 242 of medium 180 in the channel 122, the channel 122 and connection regions 236 can be deemed
swept (or flow) regions of the microfluidic device 230. The isolation regions 240 of the sequestration pens 224, 226, 228, on
the other hand, can be deemed unswept (or non-flow) regions. For example, components (not shown) in a first fluidic
medium 180 in the channel 122 can mix with a second fluidic medium 248 in the isolation region 240 substantially only by
diffusion of components of the first medium 180 from the channel 122 through the connection region 236 and into the
second fluidic medium 248 in the isolation region 240. Similarly, components (not shown) of the second medium 248 in the
isolation region 240 can mix with the first medium 180 in the channel 122 substantially only by diffusion of components of
the second medium 248 from the isolation region 240 through the connection region 236 and into the first medium 180 in
the channel 122. In some embodiments, the extent of fluidic medium exchange between the isolation region of a
sequestration pen and the flow region by diffusion is greater than about 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%,
98%, or greater than about 99% of fluidic exchange. The first medium 180 can be the same medium or a different medium
than the second medium 248. Moreover, the first medium 180 and the second medium 248 can start out being the same,
then become different (e.g., through conditioning of the second medium 248 by one or more cells in the isolation region
240, or by changing the medium 180 flowing through the channel 122).

[0131] The maximum penetration depth Dp ofthe secondary flow 244 caused by the flow 242 of fluidic medium 180 in the
channel 122 can depend on a number of parameters, as mentioned above. Examples of such parameters include: the
shape of the channel 122 (e.g., the channel can direct medium into the connection region 236, divert medium away from
the connection region 236, or direct medium in a direction substantially perpendicular to the proximal opening 234 of the
connectionregion 236 to the channel 122); a width Wy, (or cross-sectional area) of the channel 122 at the proximal opening
234; and a width W, (or cross-sectional area) of the connection region 236 at the proximal opening 234, the velocity V of
the flow 242 of fluidic medium 180 in the channel 122; the viscosity of the first medium 180 and/or the second medium 248,
or the like.

[0132] Insomeembodiments, the dimensions of the channel 122 and sequestration pens 224, 226, 228 can be oriented
as follows with respect to the vector of the flow 242 of fluidic medium 180 in the channel 122: the channel width W, (or
cross-sectional area of the channel 122) can be substantially perpendicular to the flow 242 of medium 180; the width W,
(or cross-sectional area) of the connection region 236 at opening 234 can be substantially parallel to the flow 242 of
medium 180 in the channel 122; and/or the length L, of the connection region can be substantially perpendicular to the
flow 242 of medium 180 in the channel 122. The foregoing are examples only, and the relative position of the channel 122
and sequestration pens 224, 226, 228 can be in other orientations with respect to each other.

[0133] Asillustrated in Figure 2C, the width W, of the connection region 236 can be uniform from the proximal opening
234 to the distal opening 238. The width W, of the connection region 236 at the distal opening 238 can thus be in any of
the ranges identified herein for the width W, of the connection region 236 at the proximal opening 234. Alternatively, the
width W, of the connection region 236 at the distal opening 238 can be larger than the width W, of the connection region
236 at the proximal opening 234.

[0134] Asillustrated in Figure 2C, the width of the isolation region 240 at the distal opening 238 can be substantially the
same as the width W, of the connection region 236 at the proximal opening 234. The width of the isolation region 240 at
the distal opening 238 can thus be in any of the ranges identified herein for the width W, of the connection region 236 at
the proximal opening 234. Alternatively, the width of the isolation region 240 at the distal opening 238 can be larger or
smaller than the width W, of the connection region 236 at the proximal opening 234. Moreover, the distal opening 238
may be smaller than the proximal opening 234 and the width W, of the connection region 236 may be narrowed between
the proximal opening 234 and distal opening 238. For example, the connection region 236 may be narrowed between the
proximal opening and the distal opening, using a variety of different geometries (e.g. chamfering the connection region,
beveling the connection region). Further, any part or subpart of the connection region 236 may be narrowed (e.g. a portion
of the connection region adjacent to the proximal opening 234).

[0135] Figures 2D-2F depictanother exemplary embodiment of a microfluidic device 250 containing a microfluidic circuit
262 and flow channels 264, which are variations of the respective microfluidic device 100, circuit 132 and channel 134 of
Figure 1. The microfluidic device 250 also has a plurality of sequestration pens 266 that are additional variations of the
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above-described sequestration pens 124, 126, 128, 130, 224, 226 or 228. In particular, it should be appreciated that the
sequestration pens 266 of device 250 shown in Figures 2D-2F can replace any of the above-described sequestration pens
124, 126, 128, 130, 224, 226 or 228 in devices 100, 200, 230, 280, 290, or 320. Likewise, the microfluidic device 250 is
another variant of the microfluidic device 100, and may also have the same or a different DEP configuration as the above-
described microfluidic device 100, 200, 230, 280, 290, 320 as well as any of the other microfluidic system components
described herein.

[0136] The microfluidic device 250 of Figures 2D-2Fcomprises a support structure (not visible in Figures 2D-2F, but can
be the same or generally similar to the support structure 104 of device 100 depicted in Figure 1A), a microfluidic circuit
structure 256, and a cover (not visible in Figures 2D-2F, but can be the same or generally similar to the cover 122 of device
100 depicted in Figure 1A). The microfluidic circuit structure 256 includes a frame 252 and microfluidic circuit material 260,
which can be the same as or generally similar to the frame 114 and microfluidic circuit material 116 of device 100 shown in
Figure 1A. As shown in Figure 2D, the microfluidic circuit 262 defined by the microfluidic circuit material 260 can comprise
multiple channels 264 (two are shown but there can be more) to which multiple sequestration pens 266 are fluidically
connected.

[0137] Each sequestration pen 266 can comprise an isolation structure 272, an isolation region 270 within the isolation
structure 272, and a connection region 268. From a proximal opening 274 at the channel 264 to a distal opening 276 at the
isolation structure 272, the connection region 268 fluidically connects the channel 264 to the isolation region 270.
Generally, in accordance with the above discussion of Figures 2B and 2C, a flow 278 of a first fluidic medium 254 in a
channel 264 can create secondary flows 282 of the first medium 254 from the channel 264 into and/or out of the respective
connection regions 268 of the sequestration pens 266.

[0138] Asillustrated in Figure 2E, the connection region 268 of each sequestration pen 266 generally includes the area
extending between the proximal opening 274 to a channel 264 and the distal opening 276 to anisolation structure 272. The
length L, of the connection region 268 can be greater than the maximum penetration depth Dp of secondary flow 282, in
which case the secondary flow 282 will extend into the connection region 268 without being redirected toward the isolation
region 270 (as shown in Figure 2D). Alternatively, at illustrated in Figure 2F, the connection region 268 can have a length
Lcon that is less than the maximum penetration depth Dp, in which case the secondary flow 282 will extend through the
connection region 268 and be redirected toward the isolation region 270. In this latter situation, the sum of lengths L., and
L., of connection region 268 is greater than the maximum penetration depth Dp, so that secondary flow 282 will not extend
into isolation region 270. Whetherlength L., of connection region 268 is greater than the penetration depth Dp, orthe sum
oflengths L4 and L, of connection region 268 is greater than the penetration depth D, a flow 278 of a first medium 254 in
channel 264 that does not exceed a maximum velocity V., will produce a secondary flow having a penetration depth D,
and micro-objects (not shown but can be the same or generally similar to the micro-objects 246 shown in Figure 2C) in the
isolation region 270 of a sequestration pen 266 will not be drawn out of the isolation region 270 by a flow 278 of first medium
254 in channel 264. Nor will the flow 278 in channel 264 draw miscellaneous materials (not shown) from channel 264 into
the isolation region 270 of a sequestration pen 266. As such, diffusion is the only mechanism by which components in a first
medium 254 in the channel 264 can move from the channel 264 into a second medium 258 in an isolation region 270 of a
sequestration pen 266. Likewise, diffusion is the only mechanism by which components in a second medium 258 in an
isolation region 270 of a sequestration pen 266 can move from the isolation region 270 to a first medium 254 in the channel
264. The first medium 254 can be the same medium as the second medium 258, or the first medium 254 can be a different
medium than the second medium 258. Alternatively, the first medium 254 and the second medium 258 can start out being
the same, then become different, e.g., through conditioning of the second medium by one or more cells in the isolation
region 270, or by changing the medium flowing through the channel 264.

[0139] Asiillustrated in Figure 2E, the width W, of the channels 264 (i.e., taken transverse to the direction of a fluid
medium flow through the channel indicated by arrows 278 in Figure 2D) in the channel 264 can be substantially
perpendicular to a width W4 of the proximal opening 274 and thus substantially parallel to a width W, of the distal
opening 276. The width W1 of the proximal opening 274 and the width W ., of the distal opening 276, however, need
not be substantially perpendicular to each other. For example, an angle between an axis (not shown) on which the width
Wonq Of the proximal opening 274 is oriented and another axis on which the width W, of the distal opening 276 is
oriented can be other than perpendicular and thus other than 90°. Examples of alternatively oriented angles include angles
in any of the following ranges: from about 30° to about 90°, from about 45° to about 90°, from about 60° to about 90°, or the
like.

[0140] In various embodiments of sequestration pens (e.g. 124, 126, 128, 130, 224, 226, 228, or 266), the isolation
region (e.g. 240 or 270) is configured to contain a plurality of micro-objects. In other embodiments, the isolation region can
be configured to contain only one, two, three, four, five, or a similar relatively small number of micro-objects. Accordingly,
the volume of an isolation region can be, for example, at least 1xX10°, 2x108, 4x106, 6108 cubic microns, or more.
[0141] In various embodiments of sequestration pens, the width W, of the channel (e.g., 122) at a proximal opening
(e.g. 234) can be within any of the following ranges: about 50-1000 microns, 50-500 microns, 50-400 microns, 50-300
microns, 50-250 microns, 50-200 microns, 50-150 microns, 50-100 microns, 70-500 microns, 70-400 microns, 70-300
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microns, 70-250 microns, 70-200 microns, 70-150 microns, 90-400 microns, 90-300 microns, 90-250 microns, 90-200
microns, 90-150 microns, 100-300 microns, 100-250 microns, 100-200 microns, 100-150 microns, and 100-120 microns.
In some other embodiments, the width W, of the channel (e.g., 122) at a proximal opening (e.g. 234) can be in a range of
about 200-800 microns, 200-700 microns, or 200-600 microns. The foregoing are examples only, and the width W, of the
channel 122 can be in other ranges (e.g., a range defined by any of the endpoints listed above). Moreover, the W, of the
channel 122 can be selected to be in any of these ranges in regions of the channel other than at a proximal opening of a
sequestration pen.

[0142] In some embodiments, a sequestration pen has a height of about 30 to about 200 microns, or about 50 to about
150 microns. In some embodiments, the sequestration pen has a cross-sectional area of about 1 X104 - 3 X 108 square
microns, 2 X104 - 2 X108 square microns, 4 X104 - 1 X 106 square microns, 2 X104- 5 X105 square microns, 2 X104- 1
X105 square microns or about 2 X105 - 2 108 square microns. In some embodiments, the connection region has a cross-
sectional width of about 100 to about 500 microns, 200 to about 400 microns or about 200 to about 300 microns.
[0143] In various embodiments of sequestration pens, the height H, of the channel (e.g.,122) at a proximal opening
(e.g., 234) can be within any of the following ranges: 20-100 microns, 20-90 microns, 20-80 microns, 20-70 microns, 20-60
microns, 20-50 microns, 30-100 microns, 30-90 microns, 30-80 microns, 30-70 microns, 30-60 microns, 30-50 microns,
40-100 microns, 40-90 microns, 40-80 microns, 40-70 microns, 40-60 microns, or 40-50 microns. The foregoing are
examples only, and the height H, of the channel (e.g.,122) can be in other ranges (e.g., a range defined by any of the
endpoints listed above). The height H, of the channel 122 can be selected to be in any of these ranges in regions of the
channel other than at a proximal opening of an sequestration pen.

[0144] In various embodiments of sequestration pens a cross-sectional area of the channel (e.g., 122) at a proximal
opening (e.g., 234) can be within any of the following ranges: 500-50,000 square microns, 500-40,000 square microns,
500-30,000 square microns, 500-25,000 square microns, 500-20,000 square microns, 500-15,000 square microns,
500-10,000 square microns, 500-7,500 square microns, 500-5,000 square microns, 1,000-25,000 square microns,
1,000-20,000 square microns, 1,000-15,000 square microns, 1,000-10,000 square microns, 1,000-7,500 square microns,
1,000-5,000 square microns, 2,000-20,000 square microns, 2,000-15,000 square microns, 2,000-10,000 square microns,
2,000-7,500 square microns, 2,000-6,000 square microns, 3,000-20,000 square microns, 3,000-15,000 square microns,
3,000-10,000 square microns, 3,000-7,500 square microns, or 3,000 to 6,000 square microns. The foregoing are
examples only, and the cross-sectional area of the channel (e.g., 122) at a proximal opening (e.g., 234) can be in other
ranges (e.g., a range defined by any of the endpoints listed above).

[0145] Invarious embodiments of sequestration pens, the length L, of the connection region (e.g., 236) can be in any
of the following ranges: about 1-600 microns, 5-550 microns, 10-500 microns, 15-400 microns, 20-300 microns, 20-500
microns, 40-400 microns, 60-300 microns, 80-200 microns, or about 100-150 microns. The foregoing are examples only,
and length L, of a connection region (e.g., 236) can be in a different range than the foregoing examples (e.g., a range
defined by any of the endpoints listed above).

[0146] In various embodiments of sequestration pens the width W, of a connection region (e.g., 236) at a proximal
opening (e.g., 234) can be in any of the following ranges: 20-500 microns, 20-400 microns, 20-300 microns, 20-200
microns, 20-150 microns, 20-100 microns, 20-80 microns, 20-60 microns, 30-400 microns, 30-300 microns, 30-200
microns, 30-150 microns, 30-100 microns, 30-80 microns, 30-60 microns, 40-300 microns, 40-200 microns, 40-150
microns, 40-100 microns, 40-80 microns, 40-60 microns, 50-250 microns, 50-200 microns, 50-150 microns, 50-100
microns, 50-80 microns, 60-200 microns, 60-150 microns, 60-100 microns, 60-80 microns, 70-150 microns, 70-100
microns, and 80-100 microns. The foregoing are examples only, and the width W, of a connection region (e.g., 236) ata
proximal opening (e.g., 234) can be different than the foregoing examples (e.g., a range defined by any of the endpoints
listed above).

[0147] In various embodiments of sequestration pens, the width W, of a connection region (e.g., 236) at a proximal
opening (e.g., 234) can be atleast as large as the largest dimension of a micro-object (e.g.,biological cell whichmaybea T
cell, B cell, or an ovum or embryo) that the sequestration pen is intended for. For example, the width W, of a connection
region 236 at a proximal opening 234 of an sequestration pen that a droplet will be placed into can be in any of the following
ranges: about 100 microns, about 110 microns, about 120 microns, about 130 microns, about 140 microns, about 150
microns, about 160 microns, about 170 microns, about 180 microns, about 190 microns, about 200 microns, about 225
microns, about 250 microns, about 300 microns or about 100-400 microns, about 120-350 microns, about 140-200- 200
300 microns, or about 140-200 microns. The foregoing are examples only, and the width W, of a connection region (e.g.,
236) at a proximal opening (e.g., 234) can be different than the foregoing examples (e.g., a range defined by any of the
endpoints listed above).

[0148] Invarious embodiments of sequestration pens, the width Wprofa proximal opening of a connection region may be
at least as large as the largest dimension of a micro-object (e.g., a biological micro-object such as a cell) that the
sequestration pen is intended for. For example, the width Wpr may be about 50 microns, about 60 microns, about 100
microns, about 200 microns, about 300 microns or may be in a range of about 50-300 microns, about 50-200 microns,
about 50 -100 microns, about 75- 150 microns, about 75-100 microns, or about 200- 300 microns
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[0149] In various embodiments of sequestration pens, a ratio of the length L, of a connection region (e.g., 236) to a
width W, of the connection region (e.g., 236) at the proximal opening 234 can be greater than or equal to any of the
following ratios: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, or more. The foregoing are examples
only, and the ratio of the length L ., of a connection region 236 to a width W, of the connection region 236 at the proximal
opening 234 can be different than the foregoing examples.

[0150] In various embodiments of microfluidic devices 100, 200, 230, 250, 280, 290, 320, 600, 700 V
around 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,0.8,0.9,1.0, 1.1, 1.2, 1.3, 1.4, or 1.5 pL/sec.

[0151] In various embodiments of microfluidic devices having sequestration pens, the volume of an isolation region
(e.g., 240) of a sequestration pen can be, for example, at least 5x105, 8 X105, 1x106, 2x 1086, 4x 108, 6106, 8x 108,
1x107,5x107, 1x108, 5X108, or 8 x 108 cubic microns, or more. In various embodiments of microfluidic devices having
sequestration pens, the volume of a sequestration pen may be about 5x105 , 6xX105, 8 X105, 1x106, 2x106, 4x108,
8x106, 1x107, 3x 107, 5x107, or about 8 X107 cubic microns, or more. In some other embodiments, the volume of a
sequestration pen may be about 1 nanoliter to about 50 nanoliters, 2 nanoliters to about 25 nanoliters, 2 nanoliters to about
20 nanoliters, about 2 nanoliters to about 15 nanoliters, or about 2 nanoliters to about 10 nanoliters.

[0152] Invarious embodiment, the microfluidic device has sequestration pens configured as in any of the embodiments
discussed herein where the microfluidic device has about 5 to about 10 sequestration pens, about 10 to about 50
sequestration pens, about 100 to about 500 sequestration pens; about 200 to about 1000 sequestration pens, about 500 to
about 1500 sequestration pens, about 1000 to about 2000 sequestration pens, or about 1000 to about 3500 sequestration
pens. The sequestration pens need not all be the same size and may include a variety of configurations (e.g., different
widths, different features within the sequestration pen.

[0153] In some other embodiments, the microfluidic device has sequestration pens configured as in any of the
embodiments discussed herein where the microfluidic device has about 1500 to about 3000 sequestration pens, about
2000 to about 3500 sequestration pens, about 2500 to about 4000 sequestration pens about 3000 to about 4500
sequestration pens, about 3500 to about 5000 sequestration pens, about 4000 to about 5500 sequestration pens, about
4500 to about 6000 sequestration pens, about 5000 to about 6500 sequestration pens, about 5500 to about 7000
sequestration pens, about 6000 to about 7500 sequestration pens, about 6500 to about 8000 sequestration pens, about
7000 to about 8500 sequestration pens, about 7500 to about 9000 sequestration pens, about 8000 to about 9500
sequestration pens, about 8500 to about 10,000 sequestration pens, about 9000 to about 10,500 sequestration pens,
about 9500 to about 11,000 sequestration pens, about 10,000 to about 11,500 sequestration pens, about 10,500 to about
12,000 sequestration pens, about 11,000 to about 12,500 sequestration pens, about 11,500 to about 13,000 sequestration
pens, about 12,000 to about 13,500 sequestration pens, about 12,500 to about 14,000 sequestration pens, about 13,000
to about 14,500 sequestration pens, about 13,500 to about 15,000 sequestration pens, about 14,000 to about 15,500
sequestration pens, about 14,500 to about 16,000 sequestration pens, about 15,000 to about 16,500 sequestration pens,
about 15,500 to about 17,000 sequestration pens, about 16,000 to about 17,500 sequestration pens, about 16,500 to
about 18,000 sequestration pens, about 17,000 to about 18,500 sequestration pens, about 17,500 to about 19,000
sequestration pens, about 18,000 to about 19,500 sequestration pens, about 18,500 to about 20,000 sequestration pens,
about 19,000 to about 20,500 sequestration pens, about 19,500 to about 21,000 sequestration pens, or about 20,000 to
about 21,500 sequestration pens.

[0154] Figure 2G illustrates a microfluidic device 280 according to one embodiment. The microfluidic device 280 is
illustrated in Figure 2G is a stylized diagram of a microfluidic device 100. In practice the microfluidic device 280 and its
constituent circuitelements (e.g. channels 122 and sequestration pens 128) would have the dimensions discussed herein.
The microfluidic circuit 120 illustrated in Figure 2G has two ports 107 and a flow region 106 with four distinct channels 122.
The microfluidic device 280 further comprises a plurality of sequestration pens opening off of each channel 122. In the
microfluidic device illustrated in Figure 2G, the sequestration pens have a geometry similar to the pens illustrated in Figure
2C and thus, have both connection regions and isolation regions. Accordingly, the microfluidic circuit 120 includes both
swept regions (e.g. channels 122 and portions of the connection regions 236 within the maximum penetration depth D, of
the secondary flow 244) and non-swept regions (e.g. isolation regions 240 and portions of the connection regions 236 not
within the maximum penetration depth Dp of the secondary flow 244).

[0155] Figures 3A through 3B shows various embodiments of system 150 which can be used to operate and observe
microfluidic devices (e.g. 100, 200, 230, 280, 250, 290, 320) according to the present invention. As illustrated in Figure 3A,
the system 150 can include a structure ("nest") 300 configured to hold a microfluidic device 100 (not shown), or any other
microfluidic device described herein. The nest 300 can include a socket 302 capable of interfacing with the microfluidic
device 320 (e.g., an optically-actuated electrokinetic device 100) and providing electrical connections from power source
192 to microfluidic device 320. The nest 300 can further include an integrated electrical signal generation subsystem 304.
The electrical signal generation subsystem 304 can be configured to supply a biasing voltage to socket 302 such that the
biasing voltage is applied across a pair of electrodes in the microfluidic device 320 when it is being held by socket 302.
Thus, the electrical signal generation subsystem 304 can be part of power source 192. The ability to apply a biasing voltage
to microfluidic device 320 does not mean that a biasing voltage will be applied at all times when the microfluidic device 320
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is held by the socket 302. Rather, in most cases, the biasing voltage will be applied intermittently, e.g., only as needed to
facilitate the generation of electrokinetic forces, such as dielectrophoresis or electro-wetting, in the microfluidic device 320.
[0156] Asillustrated in Figure 3A, the nest 300 can include a printed circuit board assembly (PCBA) 322. The electrical
signal generation subsystem 304 can be mounted on and electrically integrated into the PCBA 322. The exemplary
support includes socket 302 mounted on PCBA 322, as well.

[0157] Typically, the electrical signal generation subsystem 304 will include a waveform generator (not shown). The
electrical signal generation subsystem 304 can further include an oscilloscope (not shown) and/or a waveform amplifica-
tion circuit (not shown) configured to amplify a waveform received from the waveform generator. The oscilloscope, if
present, can be configured to measure the waveform supplied to the microfluidic device 320 held by the socket 302. In
certain embodiments, the oscilloscope measures the waveform at a location proximal to the microfluidic device 320 (and
distal to the waveform generator), thus ensuring greater accuracy in measuring the waveform actually applied to the
device. Data obtained from the oscilloscope measurement can be, for example, provided as feedback to the waveform
generator, and the waveform generator can be configured to adjust its output based on such feedback. An example of a
suitable combined waveform generator and oscilloscope is the Red Pitaya™.

[0158] Incertain embodiments, the nest 300 further comprises a controller 308, such as a microprocessor used to sense
and/or control the electrical signal generation subsystem 304. Examples of suitable microprocessors include the
Arduino™ microprocessors, such as the Arduino Nano™. The controller 308 may be used to perform functions and
analysis or may communicate with an external master controller 154 (shown in Figure 1A) to perform functions and
analysis. In the embodiment illustrated in Figure 3A the controller 308 communicates with a master controller 154 through
an interface 310 (e.g., a plug or connector).

[0159] In some embodiments, the nest 300 can comprise an electrical signal generation subsystem 304 comprising a
Red Pitaya™ waveform generator/oscilloscope unit ("Red Pitaya unit") and a waveform amplification circuit that amplifies
the waveform generated by the Red Pitaya unit and passes the amplified voltage to the microfluidic device 100. In some
embodiments, the Red Pitaya unit is configured to measure the amplified voltage at the microfluidic device 320 and then
adjustits own output voltage as needed such that the measured voltage at the microfluidic device 320 is the desired value.
In some embodiments, the waveform amplification circuit can have a +6.5V to -6.5V power supply generated by a pair of
DC-DC converters mounted on the PCBA 322, resulting in a signal of up to 13 Vpp at the microfluidic device 100.
[0160] As illustrated in Figure 3A, the support structure 300 can further include a thermal control subsystem 306. The
thermal control subsystem 306 can be configured to regulate the temperature of microfluidic device 320 held by the
support structure 300. For example, the thermal control subsystem 306 can include a Peltier thermoelectric device (not
shown) and a cooling unit (not shown). The Peltier thermoelectric device can have a first surface configured to interface
with at least one surface of the microfluidic device 320. The cooling unit can be, for example, a cooling block (not shown),
such as a liquid-cooled aluminum block. A second surface of the Peltier thermoelectric device (e.g., a surface opposite the
first surface) can be configured to interface with a surface of such a cooling block. The cooling block can be connected to a
fluidic path 314 configured to circulate cooled fluid through the cooling block. In the embodimentillustrated in Figure 3A, the
support structure 300 comprises an inlet 316 and an outlet 318 to receive cooled fluid from an external reservoir (not
shown), introduce the cooled fluid into the fluidic path 314 and through the cooling block, and then return the cooled fluid to
the external reservoir. In some embodiments, the Peltier thermoelectric device, the cooling unit, and/or the fluidic path 314
can be mounted on a casing 3120of the support structure 300. In some embodiments, the thermal control subsystem 306 is
configured to regulate the temperature of the Peltier thermoelectric device so as to achieve a target temperature for the
microfluidic device 320. Temperature regulation of the Peltier thermoelectric device can be achieved, for example, by a
thermoelectric power supply, such as a Pololu™ thermoelectric power supply (Pololu Robotics and Electronics Corp.). The
thermal control subsystem 306 can include a feedback circuit, such as a temperature value provided by an analog circuit.
Alternatively, the feedback circuit can be provided by a digital circuit.

[0161] Insomeembodiments,the nest300 caninclude athermal control subsystem 306 with a feedback circuit thatis an
analog voltage divider circuit (not shown) which includes a resistor (e.g., with resistance 1 kOhm+/-0.1 %, temperature
coefficient +/-0.02 ppm/C0) and a NTC thermistor (e.g., with nominal resistance 1 kOhm+/-0.01 %). In some instances, the
thermal control subsystem 306 measures the voltage from the feedback circuit and then uses the calculated temperature
value as input to an on-board PID control loop algorithm. Output from the PID control loop algorithm can drive, forexample,
both a directional and a pulse-width-modulated signal pin on a Pololu™ motor drive (not shown) to actuate the thermo-
electric power supply, thereby controlling the Peltier thermoelectric device.

[0162] The nest300 caninclude a serial port 324 which allows the microprocessor of the controller 308 to communicate
with an external master controller 154 via the interface 310 (not shown). In addition, the microprocessor of the controller
308 can communicate (e.g., via a Plink tool (not shown)) with the electrical signal generation subsystem 304 and thermal
control subsystem 306. Thus, via the combination of the controller 308, the interface 310, and the serial port 324, the
electrical signal generation subsystem 304 and the thermal control subsystem 306 can communicate with the external
master controller 154. In this manner, the master controller 154 can, among other things, assist the electrical signal
generation subsystem 304 by performing scaling calculations for output voltage adjustments. A Graphical User Interface
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(GUI) (notshown) provided via adisplay device 170 coupled to the external master controller 154, can be configured to plot
temperature and waveform data obtained from the thermal control subsystem 306 and the electrical signal generation
subsystem 304, respectively. Alternatively, or in addition, the GUI can allow for updates to the controller 308, the thermal
control subsystem 306, and the electrical signal generation subsystem 304.

[0163] Asdiscussed above, system 150 can include animaging device 194. In some embodiments, the imaging device
194 comprises a light modulating subsystem 330 (See Figure 3B). The light modulating subsystem 330 can include a
digital mirror device (DMD) or a microshutter array system (MSA), either of which can be configured to receive light from a
light source 332 and transmits a subset of the received light into an optical train of microscope 350. Alternatively, the light
modulating subsystem 330 can include a device that produces its own light (and thus dispenses with the need for a light
source 332), such as an organic light emitting diode display (OLED), a liquid crystal on silicon (LCOS) device, a
ferroelectric liquid crystal on silicon device (FLCOS), or a transmissive liquid crystal display (LCD). The light modulating
subsystem 330 can be, for example, a projector. Thus, the light modulating subsystem 330 can be capable of emitting both
structured and unstructured light. One example of a suitable light modulating subsystem 330 is the Mosaic™ system from
Andor Technologies™. In certain embodiments, imaging module 164 and/or motive module 162 of system 150 can control
the light modulating subsystem 330.

[0164] In certain embodiments, the imaging device 194 further comprises a microscope 350. In such embodiments, the
nest 300 and light modulating subsystem 330 can be individually configured to be mounted on the microscope 350. The
microscope 350 can be, for example, a standard research-grade light microscope or fluorescence microscope. Thus, the
nest 300 can be configured to be mounted on the stage 3440f the microscope 350 and/or the light modulating subsystem
330 can be configured to mount on a port of microscope 350. In other embodiments, the nest 300 and the light modulating
subsystem 330 described herein can be integral components of microscope 350.

[0165] In certain embodiments, the microscope 350 can further include one or more detectors 348. In some embodi-
ments, the detector 348 is controlled by the imaging module 164. The detector 348 can include an eye piece, a charge-
coupled device (CCD), a camera (e.g., a digital camera), or any combination thereof. If at least two detectors 348 are
present, one detector can be, for example, a fast-frame-rate camera while the other detector can be a high sensitivity
camera. Furthermore, the microscope 350 can include an optical train configured to receive reflected and/or emitted light
from the microfluidic device 320 and focus at least a portion of the reflected and/or emitted light on the one or more
detectors 348. The optical train of the microscope can also include different tube lenses (not shown) for the different
detectors, such that the final magnification on each detector can be different.

[0166] In certain embodiments, imaging device 194 is configured to use at least two light sources. For example, a first
light source 332 can be used to produce structured light (e.g., via the light modulating subsystem 330) and a second light
source 334 can be used to provide unstructured light. The first light source 332 can produce structured light for optically-
actuated electrokinesis and/or fluorescent excitation, and the second light source 334 can be used to provide bright field
illumination. In these embodiments, the motive module 164 can be used to control the first light source 332 and the imaging
module 164 can be used to control the second light source 334. The optical train of the microscope 350 can be configured to
(1) receive structured light from the light modulating subsystem 330 and focus the structured light on atleast a firstregion in
a microfluidic device, such as an optically-actuated electrokinetic device, when the device is being held by the nest 300,
and (2) receive reflected and/or emitted light from the microfluidic device and focus at least a portion of such reflected
and/or emitted light onto detector 348. The optical train can be further configured to receive unstructured light from a
second light source and focus the unstructured light on at least a second region of the microfluidic device, when the device
is held by the nest 300. In certain embodiments, the first and second regions of the microfluidic device can be overlapping
regions. For example, the first region can be a subset of the second region.

[0167] In Figure 3B, the first light source 332 is shown supplying light to a light modulating subsystem 330, which
provides structured light to the optical train of the microscope 350 of system 355 (not shown). The second light source 334
is shown providing unstructured light to the optical train via a beam splitter 336. Structured light from the light modulating
subsystem 330 and unstructured light from the second light source 334 travel from the beam splitter 336 through the optical
train together to reach a second beam splitter (or dichroic filter 338, depending on the light provided by the light modulating
subsystem 330), where the light gets reflected down through the objective 336 to the sample plane 342. Reflected and/or
emitted light from the sample plane 342 then travels back up through the objective 340, through the beam splitter and/or
dichroic filter 338, and to a dichroic filter 346. Only a fraction of the light reaching dichroic filter 346 passes through and
reaches the detector 348.

[0168] Insome embodiments, the second light source 334 emits blue light. With an appropriate dichroic filter 346, blue
light reflected from the sample plane 342 is able to pass through dichroic filter 346 and reach the detector 348. In contrast,
structured light coming from the light modulating subsystem 330 gets reflected from the sample plane 342, but does not
pass through the dichroic filter 346. In this example, the dichroic filter 346 is filtering out visible light having a wavelength
longer than 495 nm. Such filtering out of the light from the light modulating subsystem 330 would only be complete (as
shown) if the light emitted from the light modulating subsystem did not include any wavelengths shorter than 495 nm. In
practice, if the light coming from the light modulating subsystem 330 includes wavelengths shorter than 495 nm (e.g., blue
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wavelengths), then some of the light from the light modulating subsystem would pass through filter 346 to reach the
detector 348. In such an embodiment, the filter 346 acts to change the balance between the amount of light that reaches the
detector 348 from the firstlight source 332 and the second light source 334. This can be beneficial if the first light source 332
is significantly stronger than the second light source 334. In other embodiments, the second light source 334 can emit red
light, and the dichroic filter 346 can filter out visible light other than red light (e.g., visible light having a wavelength shorter
than 650 nm).

[0169] Surface modification. Surfaces of materials, devices, and/or apparatuses for manipulation and storage of
biomaterials may have native properties that are not optimized for short and/or long term contact with such material, which
may include butis not limited to micro-objects (including but not limited to biological micro-objects such as biological cells),
biomolecules, fragments of the biomolecules or biological micro-objects, and any combination thereof. It may be useful to
modify one or more surfaces of a material, device or apparatus to decrease one or more undesired phenomena associated
with a native surface in contact with one or more biomaterials. In other embodiments, it may be useful to enhance surface
properties of the material, device, and/or apparatus to introduce a desired characteristic to the surface, thereby broad-
ening the handling, manipulation or processing capabilities of the material, device, and/or apparatus. To that end,
molecules which can modify a surface to either decrease undesired properties or introduce desirable properties are
needed.

[0170] Compounds useful for modification of surfaces. In various embodiments, a surface modifying compound
may include a surface modifying ligand which may be a non-polymeric moiety such as an alkyl moiety or a substituted alkyl
moiety, such as a fluoroalkyl moiety (including but not limited to a perfluoroalkyl moiety) which covalently modifies the
surface to which it is attached. The surface modifying compound also includes a connecting moiety, which is the group
which covalently attaches the surface modifying ligand to the surface, as shown schematically in Equation 1. The
covalently modified surface has the surface modifying ligand attached via a linking group LG, which is the product of the
reaction of the connecting moiety with functional groups of the surface (including hydroxide, oxide, amine or sulfur).

Equation 1.

Surface modifying ligand-Connecting Moiety +

_ J
Y "

Surface modifying compound Covalently modified surface

—> Surface modifying ligand-LG—

\ mn

\

[0171] Insomeembodiments, the surface modifying compound may include carbon atoms forming a linear chain (e.g., a
linear chain of atleast 10 carbons, or atleast 14, 16, 18, 20, 22, or more carbons) and may be an unbranched alkyl moiety. In
some embodiments, the alkyl group may include a substituted alkyl group (e.g., some of the carbons in the alkyl group can
be fluorinated or perfluorinated). In some embodiments, the alkyl group may include a first segment, which may include a
perfluoroalkyl group, joined to a second segment, which may include a non-substituted alkyl group, where the first and
second segments may be joined directly or indirectly (e.g., by means of an ether linkage). The first segment of the alkyl
group may be located distal to the linking group, and the second segment of the alkyl group may be located proximal to the
connecting moiety.

[0172] In various embodiments, the surface modifying compound may have a structure of Formula I:

CR3+CR4;FCHQHO$£M2 —v
K

Formula I

wherein a connecting moiety Vis -P(O)(OH)Q- or-Si(T),W; Wis -T, -SH, or -NH, and is the moiety configured to connect to
the surface; Qis -OH and is the moiety configured to connect to the surface; and Tis OH, OC,_salkyl, or Cl. Ris hydrogen or
fluorine and Mis hydrogen or fluorine. Each instance of hindependently is aninteger of 2 or 3;jis0or 1; kisQoris 1; mis O or
anintegerof 1to25; and nis 0 oraninteger of 1 to 25. In some other embodiments, the sum of (n + [(h +j)-k] + m) may be an
integer of 11 to 25. In some embodiments, M is hydrogen. In various embodiments, mis 2. In some embodiments, kis 0. In
other embodiments, kis 1. In various embodiments, jis 1. For the compound of Formula |, when kis an integer of 1, thenm
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may be atleast2 and M is hydrogen. For the compound of Formula |, when k is 0 and R is fluorine, then m may be atleast 2
and M is hydrogen.

[0173] In various embodiments, where the surface modifying compound has a structure of Formula I, the connecting
moiety V may be -Si(T),W, where Tand Ware defined as above. W may be OC,_salkyl, or Cl. W may be methoxy, ethoxy or
propoxy. In some embodiments, W may be methoxy. T may be may be OC,_salkyl, or CI. In various embodiments,
connecting moiety V is -Si(OMe)s. In various other embodiments, V may be -P(O)(OH)Q, where Q is OH.

[0174] The surface modifying compound of Formula 1 may have a preferred range of number of atoms making up the
linear backbone of the compound. As defined above each of the segments that make up the compound of Formula 1 may
have arange of sizes. Accordingly, acompound of Formula 1 may have repeating units as defined above such that(n +[(h +
j)-Kl + m) is equal to 25, which would yield a total length of 26 atoms, including the terminal CR5- group, attached to the
connecting moiety. In the instance of (n + [(h + j)-k] + m) equal to 25, a variety of different compositions can be
encompassed. For instance, the segment -[CR,], - may have n = 23; -[(CHz)h-(O)j]k— may have k= 0; and -[CM,],,-
may have m=2. Anotherinstance having the same total (n + [(h +j)-k] + m) equal to 25, may have segment-[CR,] ,-wheren
= 6; -[(CH2)h-(O)jlk- where k= 3, and includes j= 1 and h= 2; and -[CM,],- may have m= 4.

[0175] Insomeembodiments, the sum of (n+[(h +j)k] + m)may be 11, 13, 15, 17, or 21. In other embodiments, the sum
of (n + [(h +j) k] + m) may be 15 or 17. In yet other embodiments, the sum of (n + [(h + j)-k] + m) may be 13 or 15.
[0176] In some embodiments, one or more ether linkages may be present in the compound of Formula I. In some
embodiments, j may be 1. In some embodiments, where k and j are both 1, m may be at least two.

[0177] Inyetotherembodiments, backbone carbons may be fluorinated. In some embodiments, backbone carbons may
be perfluorinated, where each R of CR5-, and/ or -[CR,],-and/or -[CM,],..- may be fluorinated. In some embodiments, a
section of the compound may have carbon backbone atoms that are fluorinated and other sections of the compound may
have carbon backbone atom that are substituted with hydrogen. For example, in some embodiments, CR5- and - [CR,] .-
segments may have fluorine nonbackbone substituents (e.g., R is fluorine) while -[CM],,-segments may have hydrogen
nonbackbone substituents (e.g., M is hydrogen). In some embodiments, when R is fluorine, then k is 0. In other
embodiments, R may be fluorine and k is 1, jis 1 and h is 2. In various embodiments, M may be hydrogen.

[0178] In yet other embodiments, the compound of Formula 1 may be synthesized from hydrosilation of an olefin as
described below, where m is at least two and M is hydrogen. In some embodiments, m is 2 and M is hydrogen.

[0179] Some of the variety of compounds of Formula | may be more readily seen in subsets of compounds described in
the following formulae, but these formulae are in no way limiting to the breadth of Formula I.

[0180] In some embodiments, the compound of Formula | may include a compound of Formula 110:

CH3(CH,),,Si(OC _zalkyl); ; Formula 110

where mis an integer of 9to 23. In some embodiments, mmay be 11,13, 15,17, or 19. In some other embodiments m may
be 13 or 15.
[0181] In other embodiments, the compound of Formula | may include a compound of Formula 111:

CF3(CF,),(CH,),Si(0C,4_salkyl)s; Formula 111

where n may be aninteger of 9 to 22. Alternatively, n may be an integer of 11 to 17. In some other embodiments, n may be 9,
11, 13, or 15. In some embodiments, n may be 13 or 15.
[0182] In yet other embodiments, the compound of Formula | may include a compound of Formula 112:

CR3(CR,),,(CH2),0(CH,),,Si(OC,_salkyl)s; Formula 112

where n is an integer of 3 to 19; h is an integer of 2 or 3; and m is an integer of 2 to 18. In some embodiments, R may be
fluorine. In some embodiments n may be an integer of 3 to 11, h may be 2, and m may be an integer of 2 to 15.
[0183] Alternatively, the compound of Formula | may include a compound of Formula 113:

CR3(CRy),(CM,),,P(0)(OH)y; Formula 113

wherenisanintegerof3to21;and mis anintegerof2to 21. In some embodiments of the compound of Formula 113, R may
be fluorine. In some embodiments, M may be hydrogen. In various embodiments, n may be 5, 7, 9, or 11. In other
embodiments, m may be 2, 4, 5,7, 9, 11 or 13.

[0184] Surfaces for modification. A surface capable of being modified by the surface modifying compounds described
herein, including a compound of Formula I, may be a metal, metal oxide, glass or polymer. Some materials that may have a
covalently modified surface introduced therein in may include but not be limited to silicon and its oxides, silicones,
aluminum or its oxide thereof (Al,O3), Indium Tantalum Oxide (ITO), titanium dioxide (TiO,), zirconium oxide (ZrO2),

27



10

15

20

25

30

35

40

45

50

55

EP 3 862 088 B1

hafnium(IV) oxide (HfO,), tantalum (V) oxide (Ta,Og), or any combination thereof. The surface may be a wafer or sheet of
these materials, or may be incorporated within an apparatus or device. In some embodiments, the surface including any of
these materials may be incorporated within a microfluidic device as described herein.

[0185] Polymers may include any suitable polymer. A suitable polymer may include but is not limited to (e.g. rubber,
plastic, elastomer, silicone, organosilicone, such as polydimethylsiloxane ("PDMS"), or the like), which can be gas
permeable. Other examples can include molded glass, a patternable material such as a silicone polymer (e.g. photo-
patternable silicone or "PPS"), photo-resist (e.g., an epoxy-based photo-resist such as SU8), or the like. In other
embodiments, a surface of a material such as a natural fiber or wood may be functionalized by the surface modifying
compounds described herein, including a compound of Formula I, to introduce a covalently modified surface.

[0186] The surface to be modified may include a nucleophilic moiety including but not limited to hydroxide, amino and
thiol. The nucleophilic moiety (e.g., hydroxide (in some embodiments referred to as oxide)) on the surface may react with
the surface modifying compounds described herein, including a compound of Formula |, to covalently link the surface
modifying ligand to the surface, via a siloxy linking group or phosphonate linking group, to provide the functionalized
surface. The surface to be modified may include native nucleophilic moieties, or may be treated with reagents (e.g.,
piranha solution) or by plasma treatment to introduce nucleophilic moieties (e.g., hydroxide (alternatively referred to as
oxide)).

[0187] Insomeembodiments, the surface may be formed from any of the above materials, singly or in any combination.
The surface may include a semiconductor substrate. In various embodiments, the surface including a semiconductor
substrate may further include a DEP or EW substrate as described herein. In some embodiments, the surface including a
semiconductor substrate having a DEP or EW substrate may be part of a microfluidic device as described herein.
[0188] Insomeembodiments, the modified surface may be atleast one inward-facing surface of a microfluidic device as
described herein. The at least one surface may be part of the flow region of the microfluidic device (which may include a
channel) or may include a surface of an enclosed structure such as a pen, which may include a sequestration pen as
described herein.

[0189] Covalently modified surface. A covalently modified surface may include a surface modifying ligand, which may be
a non-polymeric moiety such as an alkyl moiety, a substituted alkyl moiety, such as a fluoroalkyl moiety (including but not
limited to a perfluoroalkyl moiety) and may be any surface modifying ligand described above, which is covalently bound to
the surface via a linking group, which is the moiety resultant from reaction of the connecting moiety with the surface. The
linking group may be a siloxy linking group or a phosphonate linking group.

[0190] In some embodiments, the surface modifying ligand may include carbon atoms forming a linear chain (e.g., a
linear chain of atleast 10 carbons, oratleast 14, 16, 18, 20, 22, or more carbons) and may be an unbranched alkyl moiety. In
some embodiments, the alkyl group may include a substituted alkyl group (e.g., some of the carbons in the alkyl group can
be fluorinated or perfluorinated). In some embodiments, the alkyl group may include a first segment, which may include a
perfluoroalkyl group, joined to a second segment, which may include a non-substituted alkyl group, where the first and
second segments may be joined directly or indirectly (e.g., by means of an ether linkage). The first segment of the alkyl
group may be located distal to the linking group, and the second segment of the alkyl group may be located proximal to the
linking group.

[0191] Covalently modified surface of Formula Il. In some embodiments, a covalently modified surface has a

structure of Formula Il:
CR3 ‘ CRZ ‘n“CHz‘l |O _] I”fE] \

Formula II

[

wherein is the surface; Vis -P(O)(OY)W- or-Si(0Z),W. W is -O-, -S-, or -NH- and connects to the surface. Zis abond toan
adjacent silicon atom attached to the surface or is a bond to the surface. Y is a bond to an adjacent phosphorus atom
attached to the surface or is a bond to the surface. For the covalently modified surface of Formula I, R, M, h, j, k, m, and n
are as defined above. When kis an integer of 1, then mis atleast 2 and M is hydrogen. When kis 0 and R is fluorine, thenm
is at least 2 and M is hydrogen. The covalently modified surface of Formula Il can be described as a surface modifying
ligand attached via a linking group LG, as in Formula IIA, where LG is linked to the surface:
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CR3+CR4—FH CHth Ot M+2 \Y%
] m
k

N g
Y
surface modifying ligand LG

Formula ITA

The covalently modified surface may include any surface of Formula Il, in any combination, as described above for the
surface modifying compound of Formula 1.
[0192] In some embodiments, the covalently modified surface of Formula Il may be a surface of Formula 210:

CH;3(CH,),Si(0Z),0—=

Formula 210

wherein

is the surface, oxygen attached to the silicon atom is also bound to the surface, and mis an integer of 11 to 23. In some
embodiments, m may be 11, 13, 15, 17, or 19. In some other embodiments m may be 13 or 15.
[0193] In some other embodiments, the covalently modified surface of Formula Il may be a surface of Formula 211:

CF;3(CF;),(CHy), Si(0OZ),

“ .

Formula 211

wherein

is the surface, oxygen attached to the silicon atom is also bound to the surface, and n may be an integer of 9 to 22.
Alternatively, n may be an integer of 11 to 17. In some other embodiments, n may be 7, 9, 11, 13, or 15. In some
embodiments, n may be 13 or 15.

[0194] In yet other embodiments, the covalently modified surface of Formula Il may be a surface of Formula 212:

CR3(CRy)n(CH,),O(CH3),, SI(OZ),0—=

w .

Formula 212

wherein
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is the surface, oxygen attached to the silicon atom is also bound to the surface, and nis an integer of 3to 21, his an integer
of 2 or 3, and mis an integer of 2 to 21. In some embodiments, R may be fluorine. In some embodiments, n may be an
integer of 3 to 11, h may be 2, and m may be an integer of 2 to 15.

[0195] Alternatively, the covalently modified surface of Formula Il may be a surface of Formula 213:

CR3(CR)5(CM2)P(O)(OY)

[

Formula 213

wherein

is the surface, oxygen attached to the phosphorus atom is also bound to the surface, nis an integer of 3to 21 and mis an
integerof2to 21. In some embodiments of the compound of Formula 113, R may be fluorine. In some embodiments, M may
be hydrogen. In various embodiments, n may be 5, 7, 9, or 11. In other embodiments, m may be 2, 4,5, 7,9, 11 or 13.
[0196] In some embodiments, the microfluidic device comprises a flow region fluidically connected to a firstinletand a
first outlet, the flow region configured to contain a flow of a first fluidic medium. The microfluidic device may include one or
more chambers opening to the flow region. The covalently modified surface may be a covalently modified substrate of the
microfluidic device and may underlay the flow region and/or at least one chamber. In some embodiments, all or
substantially all the interior surfaces of the microfluidic device configured to face fluid have a covalently modified surface
of Formula Il.

[0197] Figure 2H depicts a cross-sectional view of a microfluidic device 290 comprising an exemplary covalently
modified surface 298. Asiillustrated, the covalently modified surface 298 (shown schematically) can comprise a monolayer
of densely-packed molecules covalently bound to both the inner surface 294 of the substrate 286 and the inner surface 292
of the cover 288 of the microfluidic device 290. The covalently modified surface s 298 can be disposed on substantially all
inner surfaces 294, 292 proximal to, and facing inwards towards, the enclosure 284 of the microfluidic device 290,
including, in some embodiments and as discussed above, the surfaces of microfluidic circuit material (not shown) used to
define circuit elements and/or structures within the microfluidic device 290. In alternate embodiments, the covalently
modified surface 298 can be disposed on only one or some of the inner surfaces of the microfluidic device 290.
[0198] In the embodiment shown in Figure 2H, the covalently modified surface 298 comprises a monolayer of alkyl-
terminated siloxane molecules, each molecule covalently bonded to the inner surfaces 292, 294 of the microfluidic device
290 via a siloxy linker 296. For simplicity, additional silicon oxide bonds are shown linking to adjacent silicon atoms, but the
invention is not so limited. In some embodiments, the covalently modified surface 298 can comprise a fluoroalkyl group
(e.g. a fluorinated alkyl group or a perfluorinated alkyl group) at its enclosure-facing terminus (i.e. the portion of the
monolayer of the surface modifying ligand 298 that is not bound to the inner surfaces 292, 294 and is proximal to the
enclosure 284). While Figure 2H is discussed as having an alkyl -terminated modified surface, any suitable surface
modifying compound may be used, as described herein.

[0199] Native surface. The atleast one surface of the microfluidic device to be modified may be glass, metal, metal oxide
or polymer. Some materials that may be incorporated within the microfluidic device and may be modified to have a
covalently modified surface of Formula Il introduced therein in may include but not be limited to silicon and its oxides,
silicones, aluminum or its oxide thereof (Al,03), Indium Tantalum Oxide (ITO), titanium dioxide (TiO,), zirconium oxide
(Zr02), hafnium(lV) oxide (HfO,), tantalum (V) oxide (Ta,Og), or any combination thereof. Polymers may include any
suitable polymer. A suitable polymer may include but is not limited to (e.g. rubber, plastic, elastomer, silicone, organo-
silicone, such as polydimethylsiloxane ("PDMS"), or the like), which can be gas permeable. Other examples can include
molded glass, a patternable material such as a silicone polymer (e.g. photopatternable silicone or "PPS"), photo-resist
(e.g., an epoxy-based photo-resist such as SU8), or the like.

[0200] Physical and performance properties of the covalently modified surface. In some embodiments, the
covalently modified surface may have increased hydrophobic character. The increased hydrophobic character of the
modified surface may prevent fouling by biomaterials. Surface fouling, as used herein, refers to the amount of material
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indiscriminately deposited on the surface of the microfluidic device, which may include permanent or semi-permanent
deposition of biomaterials such as protein and degradation products, nucleic acids, and respective degradation products.
Such fouling can increase the amount of adhesion of biological micro-objects to the surface. In other embodiments,
increased hydrophobic character of a covalently modified surface may decrease adhesion of biological micro-objects on
the surface, independently of adhesion initiated by surface fouling.

[0201] Modification of the surface may increase the durability, functionality, and/or biocompatibility of the surface. Each
of these characteristics may further benefit the viability (including growth rate and/or cell doubling rate), nature of the
colony formed upon a covalently modified surface as described herein, including a surface having a structure of Formulall,
or portability (including viability upon export) of micro-objects or biomolecules upon the modified surface and within
devices and/or apparatuses having a covalently modified surface.

[0202] Insomeembodiments, the covalently modified surface, which may be any surface as described herein, including
a surface of Formula I, may have a thickness of less than 10 nm (e.g., less than about 7 nm, less than about 5 nm, or about
1.5 to0 3.0 nm). This may provide an advantageously thin layer on the modified surface, particularly in contrast with other
hydrophobic materials such as CYTOP®, a perfluoro tetrahydrofuranyl polymer which is spin-coated yielding a typical
thickness of about 30 to 50 nm. Data shown in Table 1 is for a silicon/silicon oxide surface which is treated to have a
covalently modified surface as shown in the table. Contact angle measurements were obtained using the static sessile
drop method. (Drelich, J. Colloid Interface Sci. 179, 37-50, 1996.) Thickness was measured by ellipsometry.

[0203] Contact angle hysteresis measurements were performed using a Biolin Scientific contact angle goniometer.
Chemically modified OEW surfaces were placed in a bath of 5 cSt silicone oil encased in a transparent holder. A phosphate
buffered saline (PBS) droplet was then dispensed onto the surface in the oil. A platinum (Pt) wire electrode was inserted
into the droplet, and the sessile water contact angle was measured. Next, an applied AC voltage of 50 Vppk at 30 kHz
frequency was applied between the OEW substrate and the Pt wire inserted into the PBS droplet for 10 seconds. Next, the
applied voltage was removed, and the contact angle was measured again. The contact angle hysteresis was calculated by
subtracting the contact angle at zero bias after applying the 50Vppk AC voltage from the original contact angle at zero bias
before applying the voltage.

Table 1. Physical data for selected surfaces.

No. Contact Angle Contact angle
Modified Surface (water or hysteresis Thickness
aqueous
solution)
201 CH3(CH,)47-Si(OT),0-(surface) 110-112° 5°, less than 10° Approx. 2 nm
202 CF3(CF5)413(CH,),Si(OT),0-(surface) 110-115° data Approx. 2 nm
203 CF3(CF,);(CH,),Si(OT),0-(surface) 110-115° >10° Approx 1 nm
204 CH3(CH,)»4Si(OT),0-(surface) 110-112° n/a Approx. 2-2.5nm
205 CH3(CH,)45Si(0T),0-(surface) 110-112° >10° n/a
206 | CF3(CF,)5(CH,),0(CH,)44Si(OT), O-(surface) 110-114° n/a Approx. 2 nm
207 CH3(CH,)47,P(0)(0Q)O-(surface) 110° n/a n/a
208 CF3(CF5); (CH,)44Si(OT),0-(surface) 113° n/a Approx. 2 nm
209 CF3(CF2)44(CH,), Si(OT),0-(surface) 112° n/a Approx.1.5- 2 nm
Tand Q are as described above.

[0204] The contact angles observed for modified surfaces are in contrast to the contact angle for water on a plasma
cleaned silicon surface ofless than 10 degrees. Each of these surfaces is less wettable than that of the native silicon/silicon
oxide surface.

[0205] Other analytical methods suitable to characterize the surface can include infrared spectroscopy and/or X-ray
photoelectron spectroscopy.

[0206] Anotherdesirable characteristic of the modified surfaces of the invention is a lack of autofluorescence, which can
be dependent upon the chemical nature of the surface modifying compound.

[0207] Insome embodiments, the covalently modified surface described herein, including a surface of Formula Il, may
form a monolayer. The uniformity and evenness of a monolayer modified surface may provide advantageous perfor-
mance, particularly if the monolayer modified surface has other functional attributes. For example, the covalently modified
surface described herein, including a surface of Formula I, may also include an electrode activation substrate, and
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optionally further may include a dielectric layer, as may be found in materials, devices and/or apparatuses having a
dielectrophoresis configuration or an electrowetting configuration. The lack of unsaturation of the perfluoroalkyl moieties
of the modified surface can minimize "charge trapping" compared to a monolayer containing, for example olefinic or
aromatic moieties. Additionally, the densely packed nature of the monolayer formed in the surface described herein,
including a surface of Formula Il, may minimize the potential for cations to be driven through the monolayer to the
underlying metal, metal oxide, glass or polymer substrate. Without being limited by theory, the disruption of the substrate
surface by addition of cations to substrate composition may disrupt the electrical properties of the substrate, thereby
reducing its ability to function electrokinetically.

[0208] Further, the ability to introduce the modified surface via a covalent linkage may increase the dielectric strength of
the modified surface and protect the underlying material from breakdown under application of an electric field. The
uniformity and thinness of an dielectrophoretic or electrowetting surface of a material, device and/or apparatus having a
covalently modified surface described herein, including a surface of Formula I, may further provide advantageous benefit
for such modified dielectrophoretic and/or electrowetting surface when the material, device and/or apparatus is optically
actuated.

[0209] Methods of preparation of the covalently modified surface. A surface of a material that may be used as a
component of a device or apparatus may be modified before assembly of the device or apparatus. Alternatively, partially or
completely constructed device or apparatus may be modified such that all surfaces that will contact biomaterials including
biomolecules and/or micro-objects (which may include biological micro-objects) are modified at the same time. In some
embodiments, the entire interior of a device and/or apparatus may be modified, even if there are differing materials at
different surfaces within the device and/or apparatus. In some embodiments, the partially or completely constructed
device and/or apparatus may be a microfluidic device as described herein, or a component thereof.

[0210] The surface to be modified may be cleaned before modification to ensure that the nucleophilic moieties on the
surface are freely available for reaction, e.g., not covered by oils or adhesives. Cleaning may be accomplished by any
suitable method including treatment with solvents including alcohols or acetone, sonication, steam cleaning and the like. In
some embodiments, the surface to be modified is treated with oxygen plasma treatment which removes contaminants,
which at the same time, can introduce additional oxide (e.g., hydroxide) moieties on the surface. This can advantageously
provide more sites for modification on the surface, thereby providing a more closely packed modified surface layer.
[0211] The surface to be modified may be cleaned before modification to ensure that the nucleophilic moieties on the
surface are freely available for reaction, e.g., not covered by oils or adhesives. Cleaning may be accomplished by any
suitable method including treatment with solvents including alcohols or acetone, sonication, steam cleaning and the like. In
some embodiments, the surface to be modified is treated with oxygen plasma treatment which removes contaminants,
which at the same time, can introduce additional oxide (e.g., hydroxide) moieties on the surface. This can advantageously
provide more sites for modification on the surface, thereby providing a more closely packed modified surface layer.
[0212] Insomeembodiments, the method of covalently modifying a surface includes the steps of: contacting the surface
with a compound of Formula I:

cm%mﬁ;ﬁcmﬁoﬂ—}-&«;}—v
m
k

Formula I

where V is -P(O)(OH)Q or -Si(T),W. W is -T, -SH, or -NH, and is the moiety configured to connect to the surface.
Alternatively, when Vis -P(O)(OH)Q, Qis -OH and is the moiety configured to connect to the surface. Tis OH, OC,_salkyl, or
Cl. Eachof R, M, h, j, k, m, and n are as defined above for the compound of Formula I. The sum of (n + [(h +j)-k] + m)is an
integer of 11 to 25. In various embodiments, when kis an integer of 1, then mis atleast 2 and M is hydrogen; and when kis O
and Ris fluorine, then mis atleast 2 and M is hydrogen. The compound of Formula | reacts with a nucleophilic moiety of the
surface; and the covalently modified surface is formed. Any combination or subcombination of the compound of Formula |
may be used, as described above.

[0213] In various embodiments of the method, the covalent modified surface so formed may be a monolayer.

[0214] In some embodiments of the method, the compound of Formula | may be a compound of Formula 110:

CH3(CH,),,Si(OC_zalkyl)s ; Formula 110

where mis an integer of 9 to 23. In some embodiments, m may be 11,13, 15,17, or 19. In some other embodiments m may
be 13 or 15.
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[0215] In other embodiments of the method, the compound of Formula | may be a compound of Formula 111:
CF3(CF2)n(CH2)2Si(OCi-3alkyl)3; Formula 111

where nis aninteger of 9 to 22. Alternatively, n may be an integer of 11 to 17. In other embodiments, n may be an integer of
11 to 17. In some other embodiments, n may be 9, 11, 13, or 15. In some embodiments, n may be 13 or 15.
[0216] In yet other embodiments of the method, the compound of Formula | may be a compound of Formula 112:

CR3(CR,),(CH2),,0(CH,),,Si(OC_zalkyl)s; Formula 112

where n is an integer of 3 to 21; h is an integer of 2 or 3; and mis an integer of 2 to 21. In some embodiments, R may be
fluorine. In some embodiments n may be an integer of 3 to 11, h may be 2, and m may be an integer of 2 to 15.
[0217] Alternatively, the surface may be contacted by a compound of Formula | which may be a compound of Formula
113:

CR3(CR,),(CMy),P(O)(OH),; Formula 113

wherenisanintegerof3to21;andmisanintegerof2to 21. In some embodiments of the compound of Formula 113, R may
be fluorine. In some embodiments, M may be hydrogen. In various embodiments, n may be 5, 7, 9, or 11. In other
embodiments, m may be 2, 4, 5,7, 9, 11 or 13.

[0218] The contacting step may be performed by contacting the surface with aliquid solution containing the compound of
Formula I. For example, surfaces may be exposed to solutions containing 0.01mM, 0.1mM, 0.5mM,1mM, 10mM, or
100mM of the compound of Formula |. The reaction may be performed at ambient temperature and may be carried out fora
period of time in the range of about 2h, 4h, 8h, 12 h, 18h, 24h, or any value inbetween. Examples of solvents include but are
notlimited to: toluene, 1,3 bistrifluorobenzene, or Fluorinert™ (3M) fluorinated solvents. An acid such as acetic acid may be
added to the solution to increase the reaction rate by promoting hydrolysis of the trialkoxy groups, if present.

[0219] Alternatively, the surface may be contacted with a vapor phase containing the compound of Formula I. In some
embodiments, when the reacting step is performed by contacting the surface with the compound of Formula | in the vapor
phase, a controlled amount of water vapor is also present. The controlled amount of water vapor may be provided by
placing a preselected amount of magnesium sulfate heptahydrate in the same chamber or enclosure with the object having
the surface to be modified. In other embodiments, a controlled amount of water may be introduced into the reaction
chamber or enclosure via an external water vapor feed. The reaction may take place under reduced pressure, relative to
atmospheric pressure. In some embodiments, the reduced pressure may be 100 Torr or less. In other embodiments, the
reduced pressure may be less than 10 Torr or less than 1 Torr.

[0220] The reaction may be conducted at a temperature in a range from about 150°C to about 200°C. In various
embodiments, the reaction may be conducted at a temperature of about 150°C, 155°C, 160°C, 165°C, 170°C, 175°C,
180°C, 185°C, or about 190°C. The reaction may be permitted to continue for about 2h, 6h, 8h, 18h, 24h, 48h, 72 h, 84h, or
more.

[0221] In some embodiments, the covalently modified surface may have a structure of Formula Il

CR3+CR4;PCHZLI—}0 : 1\45]—\/
] m
k

Formula II

“ .

wherein R, M, n, h, j, k, m and V are as described above, in any combination. In some embodiments of the method, the
covalently modified surface may have a formula of Formula 210, 211, 212, or 213 as described above, having any
combination of permissible elements for each formula.

[0222] In various embodiments of the method, the surface may include a nucleophilic moiety selected from the group
consisting of hydroxide, amino and thiol. The surface may be a metal, metal oxide, glass, polymer, or any combination
thereof. The metal surface may include silicon, silicon oxide, hafnium oxide, indium tantalum oxide, alumina, or any
combination thereof.

[0223] In various embodiments of the method, wherein the step of forming covalently modified surface may be
performed on a DEP substrate or a EW substrate. The step of forming the covalently modified surface may include
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forming the covalently modified surface on atleast one surface of a microfluidic circuit element of a microfluidic device. The
microfluidic circuit elements may include walls, flow regions, pens, and electrode activation substrates, including DEP or
EW substrates. The surface within the microfluidic circuit which may be covalently modified, may be all or substantially all
ofthe surfaces facing fluid bearing portions of a microfluidic device. For example, in microfluidic devices 200, 230 the inner
surface of the top electrode 210, the upper surface of the electrode activation substrate 206, the surfaces of the microfluidic
circuitmaterial 116 (See Figures 1B, 1C, 2A, 2B), all of which face the microfluidic channel 122 and pens 244, 246, 248 may
be modified. Similarly, in Figures 2D-2F, the inner surfaces of microfluidic circuit material 260, surfaces of isolation
structures 272 which define the sequestration pen 266, or all the surfaces facing the microfluidic circuit 262 may be
modified covalently by the methods described herein.

[0224] Immiscible medium. Movement of aqueous droplets upon the surface of the substrate may be performed within
a waterimmiscible fluidic medium distributed regionally within one or more flow regions (which may include flow channels)
and, if present, within chambers fluidically connected to the flow regions. The water immiscible fluidic medium may have a
kinematic viscosity greater than that of a droplet of pure water. The waterimmiscible fluidic medium may have a kinematic
viscosity in the range of about 1 Centistoke (cSt) to about 15 cSt, where 1 ¢St is equal to 1 millipascal or to 1 centipoise
(CPS).Insome embodiments, the waterimmiscible fluidic medium may have a viscosity in the range of about 3 cStto about
10 cStor about 3cSt to about 8 cSt. The waterimmiscible fluidic medium may be nonflammable at temperatures of at least
100°C. The water immiscible fluidic medium may be non-toxic to living biological cells over the duration of time that
biological cells are processed, cultured or stored within the aqueous droplet within the water immiscible fluidic medium.
[0225] The water immiscible fluidic medium may have low or very little solubility in water. The water immiscible fluidic
medium may dissolve less than about 5%, 4%, 3%, 2%, 1% orless than 1% of its total volume of water, when contacted with
a layer of water (e.g, partitioning with water). The water immiscible fluidic medium may not solubilize more than about 5%,
about 10%, about 15%, about 20%, about 25%, or about 30% of the volume of an aqueous droplet present within the water
immiscible fluidic medium at a temperature in the range of about 25°C to about 38°C. In some embodiments, the water
immiscible fluidic medium solubilizes less than about 20% of the volume of an aqueous droplet present within the water
immiscible fluidic medium.

[0226] The water immiscible fluidic medium may include at least one organic or organosilicon compound having a
backbone structure comprising atoms selected from carbon, silicon, and oxygen. In some embodiments, the water
immiscible fluidic medium may include more than one organic/organosilicon compound, wherein the more than one
compound is a polymeric organic/organosilicon compound having a range of molecular weights of the subunits of the
polymeric compound. For example, the polymeric organic/organosilicon compound may have two different sub-units
making up the polymer (e.g., a copolymer) and each of the two different sub-units may be present in a range of repeats,
having a generic formula AaBb where A and B are two different polymer subunits, and a and b are the number of repeats of
each subunit. The number of repeats, a and b, may not be a single integer but may be a range of repeat units.

[0227] In other embodiments, the water immiscible fluidic medium including more than one organic/organosilicon
compound, may include a mixture of organic compounds, a mixture of organosilicon compounds, or any combination
thereof. The water immiscible fluidic medium may include any suitable mixture of compounds having different chemical
structures and/or molecular weights that will provide suitable performance.

[0228] A compound of the water immiscible fluidic medium may have a molecular weight of less than about 1000 Da,
about 700 Da, about 500 Da, or about 350 Da. In other embodiments, the compound(s) of the water immiscible medium
may have a higher molecular weight than about 1000Da and still provide suitable performance.

[0229] In various embodiments, the organic/organosilicon compound(s) of the water immiscible fluidic medium may
have a backbone structure where the atoms making up the backbone are carbon, silicon or oxygen. The substituents of the
backbone carbons may be hydrogen or fluorine. In some embodiments, the water immiscible fluidic medium may include
one or more organosilicon compounds, where the backbone of the organosilicon compound(s) may include silicon and
oxygen atoms. The silicon atoms of the organosilicon compound(s) may have carbon substituents, which in turn may have
hydrogen or fluorine substituents. In some embodiments, the carbon substituents of an organosilicon compound may be
all fluorine (e.g., perfluorinated). In other embodiments, the carbon substituents of an organosilicon compound may be
partially fluorinated. In various embodiments, the substituents of carbon atoms of an organosilicon compound may be no
more than about 90% fluorine, 80% fluorine, 70% fluorine, 60% fluorine, 50% fluorine, 40% fluorine, 30% fluorine, 20%
fluorine or less.

[0230] In other embodiments, the organic compound(s) of the water immiscible fluidic medium may have a backbone
structure where the atoms making up the backbone are carbon or oxygen. In some embodiments, the substituents of the
backbone carbons may be hydrogen or fluorine. In other embodiments, the substituents of the backbone carbons may
include an oxygen containing moeity such as an ether, carbonyl, or carbonate component. In some embodiments, the
organic compound(s) of the water immiscible fluidic medium may have an all-carbon backbone structure. In some
embodiments of the all-carbon backbone structure of the organic compound(s) of the waterimmiscible fluidic medium may
have all fluorine substituents on the carbon atoms (e.g., is perfluorinated). In other embodiments, the substituents of an
organic compound may be partially fluorinated (e.g., is not perfluorinated). In various embodiments, the substituents of
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carbon atoms of an organic compound, including a compound having an all-carbon backbone, may be no more than about
90% fluorine, 80% fluorine, 70% fluorine, 60% fluorine, 50% fluorine, 40% fluorine or less. In some embodiments, a
suitable organic compound of the water immiscible fluidic medium may include or may be a monofluoro-substituted
hydrocarbon such as 1-fluorooctane, 1-fluorodecane, 1-fluorododecane, or 1-fluorotetradecane.

[0231] In other embodiments, the organic compound(s) of the water immiscible fluidic medium may have no fluorine
substituents on the carbons, but may have hydrogen substituents. In some embodiments, the organic compound(s) of the
water immiscible fluidic medium may have unsaturated carbon-carbon linkages, e.g., an olefinic group either within the
backbone carbons or at a terminal position.

[0232] In some embodiments, selection of an appropriate compound to be included in the water immiscible fluidic
medium will include consideration of other properties of the compound. In various embodiments, a compound suitable for
use within a water immiscible fluidic medium will not autofluoresce when illuminated by a laser, structured light projected
into a microfluidic device, or daylight/laboratory lighting.

[0233] In other embodiments, the nature of the covalently modified hydrophobic surface will influence the selection of
suitable compounds for use within the waterimmiscible fluidic medium. For example, a covalently modified surface may be
sufficiently hydrophobic such that a droplet of water within a perfluorinated water immiscible fluidic medium may
demonstrate sufficiently high surface tension that the droplet of water may not be movable using an opto-electrowetting
configuration as described herein.

[0234] In some other embodiments, the nature of the microfluidic circuit material may influence selection of suitable
compounds for use within the water immiscible fluidic medium. Swelling of the circuit material by the water immiscible
fluidic medium may be kept within acceptable limits. For example, in some embodiments, if the microfluidic circuit material
includes SU8 or a photopatternable aryl-substituted organosilicone, then linear hydocarbon, linear fluorocarbon, or
carbon-backbone compounds including cyclic, aryl or heteroaryl groups may be selected for use.

[0235] In other embodiments, the microfluidic circuit material may include other materials such as a photopatternable
organosilicone containing no aryl substitution, and swelling may be limited to acceptable limits by use of different
compounds in the water immiscible fluidic medium. For example, swelling of less than about 40%, 30%, 20%, or 10%
compared to pre-exposure to the water immiscible fluidic medium may be acceptable. However, in some embodiments, a
compound within the water immiscible fluidic medium that causes swelling may still be selected for use.

[0236] In some embodiments, the compound of the water immiscible fluidic medium may be an organic compound
having a backbone containing carbon or oxygen atoms. In some embodiments, the organic compound may have a
backbone that contains carbon atoms and does not contain oxygen atoms, and further where the carbon atom backbone is
branched. In various embodiments, the branched carbon atom backbone of the organic compound of the waterimmiscible
fluidic medium is acyclic. The organic compound of the water immiscible fluidic medium having a branched carbon
backbone may further not contain any cyclized moiety.

[0237] Whilethe above selection criteria may be used to select one or more compounds to be incorporated within awater
immiscible fluidic medium, and eliminate compounds which may not provide acceptable performance, an acceptable
water immiscible fluidic medium may be a multi-component mixture, and may include some portion of an individual organic
or organosilicon compound that would not provide acceptable performance when used as a sole component of a water
immiscible fluidic medium. For example, a component may be too highly fluorinated or may unacceptably swell the
microfluidic circuit material when used alone, but may be used in combination with other organic or organosilicon
compounds to form a water immiscible fluidic medium.

[0238] Some suitable organic compounds for use in the water immiscible fluidic medium, either singly or in combination
of any kind may include isocetane, 2-(Trifluoromethyl)-3-ethoxydodecafluorohexane (HFE-7500, 3MTM, NovecTM),
heptamethyl nonane (HMN), bis(2-ethylhexyl) carbonate(TEGOSOFT® DEC, (Evonik)), and (Tridecafluoro-1, 1, 2, 2,
-tetrahydrooctyl) tetramethydisiloxane (Gelest, Cat# SIB1816.0), or silicone oil (5 centistoke viscosity, Gelest Cat. # DMS-
TO5).

[0239] Aqueous droplet. The aqueous droplet may contain one or more micro-objects, which may include a biological
cell or a bead. The aqueous droplet may contain biological products which may include nucleic acid or protein. In some
other embodiments, the aqueous droplet may contain reagents for an assay, which may be any kind of reagent such as an
enzyme, an antibody, a fluorescently labeled probe, or a chemical reagent.

[0240] In some embodiments, the aqueous droplet may also include a surfactant. The surfactant may increase the
portability of the aqueous droplet within the water immiscible fluidic medium. In some embodiments, a suitable surfactant
may include a non-ionic surfactant. In various embodiments, a surfactant may be, but is not limited to a Pluronic® block
alkylene oxide copolymer, including F68 (ThermoFisher Cat. # 2400032); a fatty ester ethoxylated sorbitan such as
TWEEN® 20 (Signa Aldrich Cat. # P1379) or TWEEN® 60 (Sigma Aldrich P1629); 2, 4, 7, 9, Tetramethyl- 5-decy-
ne-4,7,-diol ethoxylate (TET, Sigma Aldrich Cat#9014-85-1); an ethoxylated nonionic fluorosurfactant such as Capstone®
FS-30 ( DuPontTM, Synquest Laboratories Cat. # 2108-3-38). In some embodiments, sodium dodecyl sulfate (SDS) may
be used as a surfactant. In various embodiments, phosphate buffered saline (PBS) may be used as a surfactant. The
surfactant may be added to the aqueous droplet in a range of about 1%, 3%, 5%, 10%, 15%, 20%, about 25% v/v or any
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value in between.

[0241] Systems. A system for transporting micro-objects, biological products, and/or reagents that are compatible with
and/or soluble in aqueous media is provided by the invention. The system can include, for example, any of the microfluidic
devices disclosed herein (e.g., a microfluidic device having an enclosure comprising a base and a microfluidic circuit
structure, wherein the base comprises a hydrophobic monolayer covalently bonded to atleast a portion of an upper surface
ofthe base). In addition, the systems include a fluidic medium and an aqueous droplet, wherein the fluidic medium and the
aqueous droplet are immiscible fluids. The fluidic medium can be any of the immiscible media described herein, and the
aqueous droplet can comprise any of the biological materials and/or chemical agents described herein (e.g., proteins,
nucleic acids, detergents, surfactants, and the like).

[0242] Kits. The invention also provides kits that are suitable for transporting micro-objects, biological products, and/or
reagents that are compatible with and/or soluble in aqueous media. The kits can comprise any of the microfluidic devices
disclosed herein (e.g., microfluidic devices having an enclosure comprising a base and a microfluidic circuit structure,
wherein the base comprises a hydrophobic monolayer covalently bonded to at least a portion of an upper surface of the
base). The kits can further comprise a fluidic medium that is immiscible with aqueous media, as well as other useful
reagents (e.g., surfactants and the like).

[0243] Methods of Manufacturing Microfluidic Devices. A microfluidic device of the invention, such as apparatus
400, can be manufactured by (i) bonding a spacing element 108 to an inner surface 428 of a cover 110 having atleast one
electrode configured to be connected to an AC voltage source (not shown), (ii) bonding the spacing element 108 (and
associated cover 110) to a dielectric surface 414 of a substrate 104 having at least one electrode 418 configured to be
connected to an AC voltage source (not shown), whereby the spacing element 108 becomes sandwiched between the
inner surface 428 of the cover 110 and the dielectric surface 414 of the substrate 104, with the cover 110 and the substrate
104 oriented substantially parallel to one another, and the substrate 104, spacing element 108, and cover 110 collectively
defining an enclosure 435 configured to hold a liquid, and (iii) forming, by vapor deposition, an outer hydrophobic layer 412
on at least a portion of the inner surface 428 of the cover 110 and an out hydrophobic layer 412 on at least a portion of the
inner dielectric layer 414 of the substrate 104.

[0244] Through vapor deposition of amphiphilic molecules, the hydrophobic layers 422 and 412 can achieve densely
packed monolayers in which the amphiphilic molecules are covalently bonded to the molecules of the inner surface 428 of
the cover 110 and the inner dielectric surface 414 of the substrate 104, respectively. Any of the self-associating molecules
described herein, and equivalents thereof, can be vapor deposited on the inner surfaces of a microfluidic apparatus. To
achieve a desirable packing density, self-associating molecules comprising, for example, alkyl-terminated siloxane can be
vapor deposited at a temperature of at least 110°C (e.g., at least 120, 130, 140, 150, 160, etc.), for a period of at least 15
hours (e.g., atleast 20, 25, 30, 35, 40, 45, or more hours). Such vapor deposition is typically performed under vacuum and
in the presence of a water source, such as magnesium sulfate heptahydrate (i.e., MgSQO,-7H,0). Typically, increasing the
temperature and duration of the vapor deposition produces improved characteristics of the hydrophobic layers 422 and
412. The vapor deposition process can be ootionally improved, for example, by pre-cleaning the cover 110 (with spacing
elements 108) and substrate 104. For example, such pre-cleaning can include a solvent bath, such as an acetone bath, an
ethanol bath, or a combination thereof. The solvent bath can include sonication. Alternatively, or in addition, such pre-
cleaning can include treating the cover 110 (with spacing elements 108) and substrate 104 in an oxygen plasma cleaner.
The oxygen plasma cleaner can be operated, for example, under vacuum conditions, at 100W for 60 seconds.

[0245] Figure 6 illustrates an example a microfluidic apparatus 600 which comprises an enclosure having microfluidic
channels 612, 614 and a plurality of chambers 616, and a droplet generator 606 for providing fluidic droplets 620 to the
enclosure. Microfluidic channel 614 is configured to hold a first fluidic medium 624. Typically, the first fluidic medium is a
hydrophobic fluid, such as an oil (e.g., a silicone oil or a fluorinated oil). Microfluidic channel 614 is connected to the droplet
generator 606 via an interface 608, which allows channel 614 to receive droplets 620 generated by the droplet generator
606. The received droplets 620 comprise a liquid which is immiscible in the first fluidic medium 624. Typically, the received
droplets will comprise an aqueous medium, which may contain micro-objects, such as cells or beads, or reagents that are
soluble in agueous media. Microfluidic channel 614 is also connected to each of the plurality of chambers 616, facilitating
movement of received droplets 620 (as well as droplets 632 pulled from a reservoir of fluid immiscible in the first fluidic
medium 624) into and between chambers 616.

[0246] Microfluidic channel 612 of apparatus 600 is connected to a subset of chambers 616, and thus is indirectly
connected to microfluidic channel 614 via such chambers 616. As illustrated, microfluidic channel 612 and the chambers
616 connected thereto contains a fluidic medium 622 which isimmiscible in the first fluidic medium 624. Thus, for example,
fluidic medium 622 can be an aqueous medium, such as a cell culture medium. When fluidic medium 622 is a cell culture
medium, the chambers 616 that contain culture medium can be used as culture chambers for growing cells, and
microfluidic channel 612 can be a perfusion channel that provides a flow of fresh culture medium. As discussed herein,
the flow of fresh culture medium in a perfusion channel can, via diffusion of molecules between the perfusion channeland a
culture chamber, provide nutrients to the chamber and remove waste from the chamber, thus facilitating continued cell
growth.
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[0247] Figure 7 illustrates another example a microfluidic apparatus 700 which comprises an enclosure having
microfluidic channels 612, 614, a first plurality of chambers 716, and a second plurality of chambers 616, and a droplet
generator 606 for providing fluidic droplets 620 to the enclosure. Figure 7 presents a variation on the microfluidic apparatus
600 shown in Figure 6, wherein chambers 616 contain a medium 622 that is immiscible in the first fluidic medium 624
(located in microfluidic channel 614) and are located directly across microfluidic channel 614 from corresponding
chambers 716. This configuration facilitates movement of fluid droplets 632 (optionally containing micro-objects 630
or biological material) from a select chamber 616 to the corresponding chamber 716, where the fluid droplets (and any
micro-objects 630 or biological material) can be processed.

[0248] Another example a microfluidic apparatus comprises an enclosure having microfluidic channels 612, 614, a first
plurality of chambers 716, and a second plurality of chambers 616, and a droplet generator 606 for providing fluidic droplets
620 to the enclosure. This embodiment presents a variation on the microfluidic apparatus 700 shown in Figure 7, wherein
chambers 616 are tapered at one end to facilitate the movement of micro-particles to the interface of the first fluidic medium
624 and the second fluidic medium 622 when the microfluidic apparatus is tilted such that the tapered ends of chambers
616 have a lower potential energy (in the applicable gravitational field) relative to the ends that are not tapered.
[0249] The microfluidic circuits formed by the microfluidic channels 612,614 and chambers 616, 716 are merely
examples, and many other configurations of channels and chambers are encompassed by the invention. For example, in
each of apparatuses 600and 700, microfluidic channel 612 and the chambers 616 directly connected to channel 612 are
optional features. Thus, apparatuses 600 and 700 can lack perfusion channels and culture chambers.

[0250] In embodiments where microfluidic channel 612 is present, the substrate which helps to define channel 612
and/or directly connected chambers 616 (e.g., by forming the base of the channel and/or chambers) can have an
electrowetting configuration. Alternatively, however, the substrate which helps to define the channel 612 and/or directly
connected chambers 616 can lack an electrowetting configuration (e.g., and instead can have a DEP configuration, or
neither an electrowetting nor a DEP configuration). In embodiments in which microfluidic channel 612 is present, and the
substrate which helps to define channel 612 and/or directely connected chambers 616 has an electrowetting configura-
tion, the outer hydrophobic surface of the substrate can be patterned to be more hydrophilic than the outer hydrophobic
surface of the substrate which helps to define channel 614. The increased hydrophilicity can be achieved, for example, as
discussed above.

[0251] The droplet generator 606 and any microfluidic circuit to which it provides droplets can be part of a microfluidic
device (either an integral part or connected thereto), which can be like any of the microfluidic devices illustrated in the
drawings or described herein. Although one droplet generator 606 is shown in Figures 6 and 7, more than one such droplet
generator 606 can provide droplets to the microfluidic circuit of apparatuses 600 and 700. The droplet generator 606 itself
caninclude an electrowetting configuration, and can thus comprise a substrate having a photoresponsive layer, which can
comprise a-Si:H (e.g., asiillustrated in U.S. Patent No. 6,958,132), a photo-actuated circuit substrate (e.g., as illustrated in
U.S. Patent Application Publication No. 2014/0124370), a phototransistor-based substrate (e.g., as illustrated in U.S.
Patent No. 7,956,339), or an electrically-actuated circuit substrate (e.g., as illustrated in U.S. Patent No. 8,685,344).
Alternatively, the droplet generator can have a T- or Y-shaped hydrodynamic structure (e.g., asillustrated in U.S. Patents &
Patent Application Publication Nos. 7,708,949, 7,041,481 (reissued as RE41,780), 2008/0014589, 2008/0003142,
2010/0137163, and 2010/0172803).

[0252] As shown, the droplet generator 606 can comprise one or more fluidic inputs 602 and 604 (two are shown but
there can be fewer or more) and a fluidic output 208, which can be connected to the microfluidic channel 614. Liquid media
622, 624, biological micro-objects 630, reagents, and/or other biological media can be loaded through the inputs 602 and
604 into the droplet generator 606. The droplet generator 606 can generate and outputinto the channel 614 droplets 620 of
the liquid medium 622 (which can, but need not, contain one or more biological micro-objects 630), reagents, or other
biological medium. If the channel 614 has an electrowetting configuration, the droplets 620 can be moved in the channel
614 utilizing electrowetting (or optoelectrowetting). Alternatively, the droplets 620 can be moved in the channel 614 by
other means. For example, the droplets 620 can be moved in the channel 614 using fluidic flow, gravity, or the like.
[0253] As discussed above, the microfluidic channel 614 and select chambers 616/716 can be filled with a first fluidic
medium 624, and microfluidic channel 612 and chambers 616 connected directly thereto can be filled with a second fluidic
medium 622. The second fluidic medium 622 (hereinafter an "aqueous medium") can be an aqueous medium, such as a
sample medium for maintaining, culturing, or the like biological micro-objects 630. The first fluidic medium 624 (hereinafter
an "immiscible medium") can be a medium in which the aqueous medium 622 is immiscible. Examples of the aqueous
medium 622 and the immiscible medium 624 include any of the examples discussed above for various media.

[0254] The droplet generator 606 can be utilized to load biological micro-objects and/or facilitate the running of
biochemical and/or molecular biological workflows on the microfluidic apparatus. Figures 6 and 7 illustrate non-limiting
examples. By using a droplet generator, the apparatus can have an electrowetting configuration throughout the fluidic
circuit.

[0255] Figures 6 and 7 illustrate an example in which the droplet generator 606 generates a droplet 620 comprising a
reagent (or other biological material). The reagent-containing droplet 620 can be moved through the microfluidic channel
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614 and into one of the chambers 616/716 containing the immiscible medium 624. Prior to or after moving the reagent-
containing droplet 620 into one of the chambers 616/716, one or more micro-objects 630 in one or more droplets 632 can
be moved into the same chambers 616/716. The reagent-containing droplet 620 can then be merged with the droplet 632
containing the micro-object 630, allowing the reagents of droplet 620 to mix and chemically react with the contents of
droplet 632. The one or more micro-object-containing droplets 632 can be supplied by the droplet generator 606 (not
shown) or can be obtained from a holding pen 616, as shown in Figures 6 AND 7. The micro-object 630 can be a biological
micro-object, such as a cell, which has optionally been cultured (e.g., in a chamber 616) prior to being moved to the
processing chamber 616/716. Alternatively, the micro-object 630 can be a bead, such as an affinity bead that is capable of
binding to molecules of interest in a sample (e.g., cell secretions present in sample material 622 after the sample material
622 has been used to culture one or more biological cells). In still other alternatives, the one or more droplets 632 can
contain no micro-objects but only aqueous medium, such as sample material 622, e.g., that contains cell secretions after
the sample material 622 has been used to culture one or more biological cells.

[0256] Figure 8 illustrates an example of a process 800 that can be performed in a microfluidic device comprising a
microfluidic circuit like any of apparatuses 600 and 700.

[0257] At step 802 of the process 800, a biological micro-object can be cultured in a holding pen filled with a sample
medium (e.g., cell culture medium). For example, a micro-object 630 of Figures 6 or 7 can be biological and can be cultured
in its chamber 616. Culturing can be generally as discussed above. For example, culturing can include perfusing the
channel 612 with a culture medium 622. Step 802 can be performed over a specified period of time.

[0258] At step 804, the cultured biological micro-object can be moved from the sample-medium-filled chamber 616 in
which it was cultured to a chamber 616/716 filled with a medium in which the sample medium is immiscible. For example,
the cultured micro-object 630 can be moved in adroplet 620 or 632 of sample medium 622 from one of the holding pens 616
into one of the holding pens 616/716, as illustrated in Figures 6 and 7, as discussed above.

[0259] Atstep 806, the cultured biological micro-object can be subjected to one or more treatments or processes in the
immiscible-medium-filled holding pen. For example, one or more droplets 620 containing one or more reagents can be
produced by the droplet generator 606 and moved into an immiscible-medium-filled chamber 612/716 and merged with the
droplet 632 containing the cultured biological micro-object 630, as shown in Figures 6 and 7 and discussed above. For
example, a first reagent-containing droplet 620 can contain a lysing reagent. Merger of the droplet 632 containing the
cultured biological micro-object 630 with the first reagent-containing droplet 620 containing lysing reagent, would resultin
the lysis of the cultured biological micro-object 630. In other words, a combined droplet (not shown) would be formed that
contains a cell lysate from the cultured biological micro-object 630. Additional (e.g., second, third, fourth, etc.) reagent-
containing droplets 620 could then be merged with the cell lysate-containing new droplet, so as to further process the cell
lysate as desired.

[0260] In addition or as another example, one or more droplets containing one or more labeled capture micro-objects
(not shown) having an affinity for a secretion or other material or materials of interest (e.g., nucleic acids such as DNA or
RNA, proteins, metabolites, or other biological molecules) produced the cultured biological micro-object 630 can be
generated by the droplet generator 606 and moved into the immiscible-medium-filled pen 616 or 716 and merged with the
droplet of sample medium 622 containing the cultured biological micro-object 630 in a similar manner. In cases where the
cultured biological micro-object 630 has already been lysed, capture micro-object-containing droplet 620 could contain
one or more affinity beads (e.g., having affinity for nucleic acids, such as DNA, RNA, microRNAs, or the like) which, upon
merger with the cell lysate-containing dropletin holding pen 616 or 716, could bind to target molecules presentin the lysate.
[0261] Atstep 808, the treated biological micro-object can be optionally processed. Forexample, if at step 806, a capture
object (not shown) is moved into the immiscible-medium-filled chamber 616/716 with the cultured biological micro-object
630, the chamber 616/716 can be monitored at step 808 for a reaction (e.g., a fluorescent signal) indicative of a quantity of
the material of interest bound to the labeled capture micro-object. Alternatively, such a capture micro-object (not shown)
can be removed (e.g., in adroplet 622) from the chamber 616/716 and exported from the microfluidic device (not shown in
Figures 6 and 7) for subsequent analysis. As yet another example, the treated biological micro-object 630 can be removed
(e.g., in a droplet 632) from the chamber 616/716 and exported from the microfluidic device (not shown) for subsequent
analysis.

[0262] Figure 9 outlines a method for forming a substrate for a microfluidic device that includes both an electrowetting
configuration and a dielectrophoresis (DEP) configuration. For example, the method depicted in Figure 9 can be utilized to
form a monolithic substrate of the type shown in the microfluidic device of Figure 5. Figures 10-18 depict cross-sectional
views of intermediate structures formed after various steps in the method of Figure 9 have been performed. A substrate
having a DEP configuration that includes an array of phototransistors is the starting point in Figures 10-18. Of course, as
persons skilled in the art will understand, the starting substrate is not limited to a DEP configured substrate having an array
of phototransistors, but rather can be applied to other types of substrates, such as a substrate comprising a layer of
amorphous silicon or an array of electrodes that are electrically actuated. Moreover, steps in the method of Figure 9 can be
used individually and/or in other combinations to produce other types of microfluidic devices having a conductive
substrate, including other microfluidic devices that have been described herein.
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[0263] Step 902 in the method of Figure 9 includes preparing an initial substrate for further processing. As shown in
vertical cross-section in Figure 10, the initial substrate 1000 includes a highly doped layer of conductive silicon 1010, upon
which an array of phototransistors 1020 has been formed. The step of preparing the substrate 1000 can include a thermal
anneal process. The process of step 902 can prepare the surface of substrate 1000 to ensure proper bonding of materials
subsequently deposited on the substrate 1000.

[0264] Step 904 inthe method of Figure 9includes the deposition of a selectively etch-resistant material on a top surface
oftheinitial substrate. As shown in vertical cross-sectionin Figure 11, alayer of conditionally etch-resistant material 1130 is
deposited on a top surface of the substrate 1000 such that it covers the surfaces of the phototransistors 1020 in the array. In
some embodiments, the conditionally etch-resistant material 1130 can be a nitride.

[0265] Step 906 in the method of Figure 9 includes applying a first pattern upon the conditionally etch-resistant material
that was deposited on the substrate during step 904. As shown in Figure 12, the pattern allows conditionally etch-resistant
material 1130 to be removed from the substrate 1000 in select regions (e.g., the surface of the phototransistor array on the
left side of substrate 1000). Applying the pattern to the conditionally etch-resistant material 1130 that was deposited on the
substrate 1000 during step 904 can be achieved by a lithography process, as is well known in the semiconductor
processing industry. Such lithography processes include, for example, E-beam, X-Ray, UV, and Deep UV. Typically, a
polymer is used to define the pattern.

[0266] Assetforthin step 908 of the method of Figure 9, the pattern (e.g., polymer) deposited in step 906 is subsequently
processed by depositing a photo-responsive layer upon the pattern and then selectively exposing portions of the photo-
responsive layer to light (e.g., light having a suitable wavelength and intensity for the material of the photo-responsive
layer).

[0267] Step 910 in the method of Figure 9 includes etching the photo-responsive layer (and any conditionally etch-
resistant material located beneath the etchable portions of the photo-responsive layer) down to a first predetermined
position. As shown in Figure 12, the first predetermined position can be, for example, the surface of the substrate (e.g., the
surface of the phototransistors 1020).

[0268] An optional subsequent set of steps (not shown) in the method of Figure 9 is the deposition, patterning and
etching of a layer of conductive material once the substrate has been patterned with respect to the conditionally etch-
resistant layer. As shown in Figure 13, the conductive material 1330 can be deposited upon both the substrate surface
(e.g., the surface of the phototransistors 1020 on the left side of the substrate 1000) and the portion of the conditionally
etch-resistant layer 1130 that was not removed during steps 908 and 910. The conductive material 1330 can be, for
example, conductive silicon, such as amorphous silicon or highly-doped silicon. As shown in Figure 14, the patterning and
etching of the conductive material 1330 can then result in a first portion of the substrate 1000 having a layer of conductive
material 1330 directly deposited thereon (e.g., on the surfaces of the phototransistors 1020 on the left side of the substrate
1000), and a second portion of the substrate 1000 having a layer 1130 of conditionally etch-resistant material directly
deposited thereon (e.g., on the surfaces of the phototransistors 1020 on the right side of the substrate 1000).

[0269] Step 912 in the method of Figure 9 includes depositing at least one dielectric layer upon the substrate (or any
materials already deposited on the substrate and not etched away). As discussed elsewhere herein (e.g., in connection
with the device of Figure 1B), individual layers of a stack of dielectric layers (e.g., afirstlayer of dielectric material, a second
layer of dielectric material, a third layer of dielectric material, etc.) can be sequentially deposited on the substrate. For
example, as shown in Figure 15, a dielectric stack 1530 consisting of two layers of dielectric material can be deposited
upon the substrate 1000. For consistency with other sections herein, the first layer of the dielectric stack 1530 need not be
the first layer deposited on the substrate 1000. Rather, the terms first and second can be used arbitrarily or with respect to
the order of the layers of dielectric material starting from the surface and moving inward into the substrate. Thus, in the
context of Figure 15, the first layer of dielectric material deposited on the substrate 1000 can be a "second layer" of
dielectric material, and the second layer of dielectric material deposited on the substrate 1000 can be a "first layer" of
dielectric material.

[0270] Step 914 in the method of Figure 9 includes applying a second pattern on top of at least one dielectric layer and
etching the at least one dielectric layer to a second predetermined location. In some embodiments, the second
predetermined location can be a surface of the layer of conditionally etch-resistant material 1130. Thus, as shown in
Figure 16, the layers of the dielectric stack 1530 can be etched away from a selected portion of the substrate 1000 down to
the surface of the conditionally etch resistant material 1130. As discussed above, the conditionally etch-resistant material
1130 can be a nitride. Accordingly, the etching material used in step 914 can be suitable for etching away dielectric
materials but not nitride.

[0271] Invarious embodiments, optional steps may be further performed. For example, a third pattern can be deposited,
and a stripping of the conditionally etch-resistant layer can be performed (which optionally can resultin up to a 10 um etch
into the silicon substrate). As shown in Figure 17, the conditionally etch-resistant layer 1130 has been etched away from
the right side of the substrate 1000, resulting in the surface of the phototransistors 1020 on the right side becoming
exposed once again. In addition, steps can be taken to perform an oxide strip of the bottom of the substrate 1000 and a
backside metallization to add a layer of conductive metal 1830 (e.g., silver or gold) to the substrate, as shown in Figure 18.
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Theresulting substrate shown in Figure 18 can have afirst section (e.g., on the right side) thatis configured to produce DEP
forces, and a second section (e.g., on the left side) that is configured to produce electrowetting forces. At the junction
between the first and second sections, the substrate can be electrically inactive, at least with respect to generating DEP
and electrowetting forces. The thickness of the inactive region will depend upon the precision of the masking and etching
steps, and can be, forexample, less than 2 mm in thickness (e.g., less than 1.5 mm, less than 1.0 mm, less than 0.5 mm, or
less).

[0272] Although specific embodiments and applications of the invention have been described in this specification, these
embodiments and applications are exemplary only, and many variations are possible. For example, the methods of Figure
8 can be performed with respect to sample material contain cell secretions (e.g., after the sample material 682 has been
used to culture one or more biological cells). In such an embodiment, step 802 would remain the same, but step 804 would
involve moving droplets 632 which can contain no micro-objects but only aqueous medium, such as sample material 622
containing cell secretions, into immiscible-medium-containing chambers 616/716, and steps 806 and 808 would be
performed with respect to such aqueous medium-containing droplets 632. Furthermore, the electrowetting configurations
discussed herein can be any type of electronic wetting configuration known in the art, examples of which are disclosed in
U.S. Patent No. 6,958,132 (for OEW configurations) and US Patent Application Publication No. US2016/0158748 (for
single-sided OEW configurations). Other examples of electrowetting configurations include electrowetting on dielectric
(EWOD) devices, which can be electronically controlled, an example of which is disclosed in U.S. Patent No. 8,685,344.
Similarly, the dielectrophoresis configurations discussed herein can be any type of dielectrophoresis configuration known
in the art, examples of which are disclosed in US Patent Nos. RE 44,711 (Wu et al.), 7,956,339 (Ohta et al.), 6,294,063
(Becker et al.), 6,942,776 (Medoro), and 9,403,172 (Wu et al.).

EXAMPLES

[0273] System and Microfluidic device: The microfluidic device and instrument for operating it were manufactured by
Berkeley Lights, Inc. The systemincluded at least a flow controller, temperature controller, fluidic medium conditioning and
pump component, light source for light activated DEP or EW configurations, mounting stage, and a camera. The
microfluidic device included an EW configuration with a surface as described below.

[0274] Example 1. Preparation of an electrowetting microfluidic device having modified interior surfaces. A
microfluidic device (Berkeley Lights, Inc.) having a base that included an electrode activation substrate having a
semiconductive layer of photosensitive silicon and a dielectric layer having an upper surface of alumina, a cover having
a glass support with an ITO electrode, and microfluidic circuit material of photopatterned silicone separating the base and
the cover, was treated in an oxygen plasma cleaner (Nordson Asymtek) for 1 min, using 100W power, 240 mTorr pressure
and 440 sccm oxygen flow rate. The plasma treated microfluidic device was treated in a vacuum reactor with trimethoxy (3,
3,4,4,5,5,6,6,7,7,8,8,9,9,10,10, 11,11, 12,12, 13, 13, 14, 14, 15, 15, 16, 16, 16)-nonaicosafluorohexadecyl)silane
(0.3g, details of synthesis as described in U.S. Provisional Application 62/410238, filed October 19, 2016) in a foil boat in
the bottom of the vacuum reactor in the presence of magnesium sulfate heptahydrate (0.5g, Acros), as a water reactant
source, in a separate foil boat in the bottom of the vacuum reactor. The chamber was then pumped to 750 mTorr using a
vacuum pump and sealed. The vacuum reactor was placed within an oven heated to 180°C for 24- 48 h. After cooling to
room temperature and introducing argon to the evacuated chamber, the microfluidic device having an outer hydrophobic
layer of dimethoxy (3, 3, 4, 4,5,5,6,6,7,7,8,8,9,9, 10, 10, 11, 11, 12, 12, 13, 13, 14, 14, 15, 15, 16, 16, 16-
nonacosafluoro-hexadecyl)siloxy moieties on all interior surfaces was removed from the reactor. Following removal, the
microfluidic device was primed with silicone oil (5 centistoke viscosity, Gelest Cat. # DMS-T05) prior to use. Figures
20A-20C are successive photographic images of a droplet of water being moved around upon the hydrophobic layer (i.e.,
the droplet actuation surface), within an immiscible silicone oil phase. The droplet demonstrated excellent ability to be
moved using the optically actuated electrowetting configuration and droplet actuation surface of the microfluidic device.

Claims
1. A method of manufacturing a microfluidic apparatus (100, 400), the method comprising:

bonding a spacing element (108) to an inner surface (428) of a cover (110) having at least one electrode
configured to be connected to a voltage source;

bonding the spacing element and cover to a dielectric surface (414) of a substrate (104) having at least one
electrode (418) configured to be connected to a voltage source, whereby the spacing element becomes
sandwiched between the inner surface of the cover and the dielectric surface of the substrate, with the cover
and the substrate oriented substantially parallel to one another, and the substrate, spacing element, and cover
collectively defining an enclosure (435) configured to hold a liquid, wherein the substrate further comprises an
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inner dielectric layer (414), wherein the dielectric surface of the substrate is a surface of the inner dielectric layer,
characterized in that

the inner dielectric layer of the substrate comprises a first layer of dielectric material and a second layer of
dielectric material, the first layer of dielectric material comprising an oxide;

the method further characterized by forming, by vapor deposition, afirst densely packed hydrophobic monolayer
(422) on at least a portion of the inner surface of the cover, wherein the first densely packed hydrophobic
monolayer comprises self-associating molecules covalently bonded to the inner surface of the cover; and
forming, by vapor deposition, a second densely packed hydrophobic monolayer (412) on at least a portion of the
dielectric surface of the substrate, wherein the second densely packed hydrophobic monolayer comprises self-
associating molecules covalently bonded to the dielectric surface of the substrate.

2. The method of claim 1, wherein the self-associating molecules of the first densely packed hydrophobic monolayer
(422) of the cover and the self-associating molecules of the second densely packed hydrophobic monolayer (412) of
the substrate each comprise a surface modifying ligand and a linking group that links the surface modifying ligand to
the inner surface of the cover and the dielectric surface of the substrate, respectively, wherein the resulting surfaces of
the cover and the substrate have a structure of Formula Il

CR3+CR4?FCHZ]h—l~O vV
] m
K

Formula II:

wherein

is a surface of the dielectric layer;

Vis -P(O)(QY)W- or -Si(0Z),W-;

W is -O-, -S-, or -NH- and connects to the surface;

Z is a bond to an adjacent silicon atom attached to the surface or is a bond to the surface;
Y is a bond to an adjacent phosphorus atom attached to the surface or is a bond to the surface;
R is hydrogen or fluorine;

M is hydrogen or fluorine;

h is independently an integer of 2 or 3;

jis 1;

kis Oor1;

m is 0 or an integer of 1 to 20

nis 0 or an integer of 1 to 20;

the sum of (n + [(h +j) - k] + m) is an integer of 11 to 25;

when k is 1, then m is at least 2 and M is hydrogen; and

when k is 0 and R is fluorine, then m is at least 2 and M is hydrogen.

3. The method of claim 2, wherein V is -Si(OZ),W-.

4. The method of claim 2, wherein V is -P(O)(OY)W-.

5. The method of any one of claims 2 to 4, wherein n is an integer of 1 to 20, and wherein R is hydrogen.
6. The method of any one of claims 2 to 4, wherein n is an integer of 1 to 20, and wherein R is fluorine.

7. The method of claim 5 or claim 6, wherein m is an integer of 1 to 20, and wherein M is hydrogen.
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The method of claim 7, wherein m is 2.
The method of any one of claims 2 to 8, wherein k is 1.
The method of any one of claims 2 to 8, wherein k is 0.
The method of any one of claims 2 to 10, wherein the sum of (n + [(h + j) k] + m) is an integer of 13 to 19.
The method of claim 2, wherein the surface modifying ligand comprises at least a first portion comprising per-
fluorinated carbon atoms at an inward facing terminus of the respective first and second densely packed hydrophobic

monolayers (422, 412).

The method of claim 12, wherein all carbon atoms of the first and second densely packed hydrophobic monolayers
(422, 412) are perfluorinated.

The method of claim 1, wherein the substrate further comprises a photoresponsive layer having a first side that
contacts the inner dielectric layer and a second side that contacts the at least one electrode.

The method of claim 1, wherein the first layer of dielectric material is formed by atomic layer deposition or the second
layer of dielectric material is formed by plasma enhanced chemical vapor deposition.

Patentanspriiche

1.

2,

Verfahren zum Herstellen eines mikrofluidischen Apparats (100, 400), wobei das Verfahren umfasst:

Binden eines Distanzelements (108) an eine Innenoberflache (428) einer Abdeckung (110) mit mindestens einer
Elektrode, die ausgestaltet ist, um mit einer Spannungsquelle verbunden zu werden;

Binden des Distanzelements und der Abdeckung an eine dielektrische Oberflache (414) eines Substrats (104)
mit mindestens einer Elektrode (418), die ausgestaltet ist, um mit einer Spannungsquelle verbunden zu werden,
wodurch das Distanzelement sandwichartig zwischen der Innenoberflache der Abdeckung und der dielekt-
rischen Oberflache des Substrats angeordnet wird, wobei die Abdeckung und das Substrat im Wesentlichen
parallel zueinander orientiert sind, und das Substrat, das Distanzelement und die Abdeckung zusammen eine
Einhausung (435) definieren, die ausgestaltet ist, um eine Flussigkeit zu enthalten, wobei das Substrat des
Weiteren eine innere dielektrische Schicht (414) umfasst, wobei die dielektrische Oberflache des Substrats eine
Oberflache der inneren dielektrischen Schicht ist,

dadurch gekennzeichnet, dass

die innere dielektrische Schicht des Substrats eine erste Schicht des dielektrischen Materials und eine zweite
Schicht des dielektrischen Materials umfasst, wobei die erste Schicht des dielektrischen Materials ein Oxid
umfasst;

wobei das Verfahren des Weiteren dadurch gekennzeichnet ist, dass durch Dampfabscheidung eine erste
dicht gepackte hydrophobe Monoschicht (422) auf mindestens einem Anteil der Innenoberflache der Abdeckung
gebildet wird, wobei die erste dicht gepackte hydrophobe Monoschicht selbstassoziierende Molekiile umfasst,
die kovalent an die Innenoberflaiche der Abdeckung gebunden sind; und

durch Dampfabscheidung eine zweite dicht gepackte hydrophobe Monoschicht (412) auf mindestens einem
Anteil der dielektrischen Oberflache des Substrats gebildet wird, wobei die zweite dicht gepackte hydrophobe
Monoschicht selbstassoziierende Molekiile umfasst, die kovalent an die dielektrische Oberflache des Substrats
gebunden sind.

Verfahren nach Anspruch 1, wobei die selbstassoziierenden Molekiile der ersten dicht gepackten hydrophoben
Monoschicht (422) der Abdeckung und die selbstassoziierenden Molekiile der zweiten dicht gepackten hydrophoben
Monoschicht (412) des Substrats jeweils einen oberflaichenmodifizierenden Liganden und eine Linkergruppe um-
fassen, die den oberflachenmodifizierenden Liganden mit der Innenoberflache der Abdeckung beziehungsweise der
dielektrischen Oberflache des Substrats verkn(pft, wobei die resultierenden Oberflachen der Abdeckung und des
Substrats eine Struktur der Formel Il haben:
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CR3+CR2iFHCHz]h—}Oﬂ—}cM;]—V
m
K

Formel ITI:

wobei

eine Oberflache der dielektrischen Schicht ist; V -P(O)(OY)W- oder -Si(0Z),W- ist;

W-O-, -S- oder -NH- ist und mit der Oberflache verbunden ist;

Z eine Bindung an ein benachbartes Siliciumatom ist, das an die Oberflache gebundenist, oder eine Bindung an
die Oberflache ist;

Y eine Bindung an einbenachbartes Phosphoratom ist, das an die Oberflache gebundenist, oder eine Bindung an
die Oberflache ist;

R Wasserstoff oder Fluor ist;

M Wasserstoff oder Fluor ist;

h unabhangig eine ganze Zahl von 2 oder 3 ist;

j1ist;

k O oder 1 ist;

m 0 oder eine ganze Zahl von 1 bis 20 ist;

n 0 oder eine ganze Zahl von 1 oder 20 ist;

die Summe aus (n + [(h + j) ‘k] + m) eine ganze Zahl von 11 bis 25 ist;

wenn k 1 ist, dann m mindestens 2 ist, und M Wasserstoff ist; und

wenn k 0 ist, und R Fluor ist, dann m mindestens 2 ist, und M Wasserstoff ist.

Verfahren nach Anspruch 2, wobei V -Si(OZ),W- ist.

Verfahren nach Anspruch 2, wobei V -P(O) (OY)W- ist.

Verfahren nach einem der Anspriiche 2 bis 4, wobei n eine ganze Zahl von 1 bis 20 ist, und wobei R Wasserstoff ist.
Verfahren nach einem der Anspriiche 2 bis 4, wobei n eine ganze Zahl von 1 bis 20 ist, und wobei R Fluor ist.
Verfahren nach Anspruch 5 oder Anspruch 6, wobei m eine ganze Zahl von 1 bis 20 ist, und wobei M Wasserstoff ist.
Verfahren nach Anspruch 7, wobei m 2 ist.

Verfahren nach einem der Anspriiche 2 bis 8, wobei k 1 ist.

Verfahren nach einem der Anspriiche 2 bis 8, wobei k 0 ist.

Verfahren nach einem der Anspriiche 2 bis 10, wobei die Summe von (n +[(h +j) -k] + m) eine ganze Zahl von 13 bis 19
ist.

Verfahren nach Anspruch 2, wobei der oberflichenmodifizierende Ligand mindestens einen ersten Anteil, der
perfluorierte Kohlenstoffatome umfasst, an einem einwarts weisenden Ende der ersten beziehungsweise zweiten

dicht gepackten hydrophoben Monoschichten (422, 412) umfasst.

Verfahren nach Anspruch 12, wobei alle Kohlenstoffatome der ersten und zweiten dicht gepackten hydrophoben
Monoschichten (422, 412) perfluoriert sind.
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14. Verfahren nach Anspruch 1, wobei das Substrat des Weiteren eine photoempfindliche Schicht mit einer ersten Seite,
die die innere dielektrische Schicht kontaktiert, und einer zweiten Seite, die die mindestens eine Elektrode kontaktiert,
umfasst.

15. Verfahren nach Anspruch 1, wobei die erste Schicht aus dielektrischem Material durch Atomschichtabscheidung
gebildet wird, oder die zweite Schicht des dielektrischen Materials durch plasmaunterstiitzte chemische Dampfab-
scheidung gebildet wird.

Revendications
1. Procédé de fabrication d’'un appareil microfluidique (100, 400), le procédé comprenant :

le collage d’un élément d’espacement (108) a une surface intérieure (428) d’'un couvercle (110) ayant au moins
une électrode configurée pour étre connectée a une source de tension ;

le collage de I'élément d’espacement et du couvercle a une surface diélectrique (414) d’'un substrat (104) ayant au
moins une électrode (418) configurée pour étre connectée a une source de tension, de sorte que I'élément
d’espacement se trouve pris en sandwich entre la surface intérieure du couvercle et la surface diélectrique du
substrat, le couvercle et le substrat étant orientés sensiblement parallelement 'un a l'autre, et le substrat,
I'élément d’espacement etle couvercle définissant collectivement une enceinte (435) configurée pour contenirun
liquide, le substrat comprenant en outre une couche diélectrique interne (414), la surface diélectrique du substrat
étant une surface de la couche diélectrique interne, caractérisée en ce que la couche diélectrique interne du
substrat comprend une premiére couche de matériau diélectrique et une seconde couche de matériau diélec-
trique, la premiére couche de matériau diélectrique comprenant un oxyde ;

le procédé se caractérisant en outre par la formation, par dép6t en phase vapeur, d’'une premiére monocouche
hydrophobe (422) densément chargée sur au moins une partie de la surface intérieure du couvercle, la premiere
monocouche hydrophobe densément chargée comprenant des molécules auto-associées liées de maniére
covalente a la surface intérieure du couvercle ; et

la formation, par dépét en phase vapeur, d’'une seconde monocouche hydrophobe densément chargée (412) sur
au moins une partie de la surface diélectrique du substrat, la seconde monocouche hydrophobe densément
chargée comprenant des molécules auto-associées liées de maniere covalente a la surface diélectrique du
substrat.

2. Procédé selonlarevendication 1, les molécules auto-associées de la premiére monocouche hydrophobe densément

chargée (422) du couvercle et les molécules auto-associées de la seconde monocouche hydrophobe densément
chargée (412) du substrat comprenant chacune un ligand modificateur de surface et un groupe de liaison qui relie le
ligand modificateur de surface a la surface intérieure du couvercle et a la surface diélectrique du substrat,
respectivement, les surfaces résultantes du couvercle et du substrat ayant une structure de Formule 1l :

CR3+CR4?HCHZ]}1—(~O —ev-v
J m
K

formule ITI :

étant une surface de la couche diélectrique ;

V étant -P(O)(OY)W- ou -Si(OZ),W- ;

W étant -O-, -S-, ou -NH- et se reliant a la surface ;

Z étant une liaison avec un atome de silicium adjacent attaché a la surface ou étant une liaison avec la surface ;
Y étantune liaison avec un atome de phosphore adjacent attaché ala surface ou étantune liaison avecla surface ;
R étant de I'hydrogéne ou du fluor ;
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M étant de I'hydrogéne ou du fluor ;

h étant indépendamment un nombre entier de 2 ou 3 ;

jétant1;

kétantOou 1;

m étant 0 ou un nombre entier de 1 a 20 n étant 0 ou un nombre entier de 1 a 20 ;

la somme de (n + [(h +j) ‘k] + m) étant un nombre entier compris entre 11 et 25 ;

lorsque k est égal a 1, m étant au moins égal a 2 et M étant un hydrogéne ; et

lorsque k est égal a 0 et que R est du fluor, m étant égal a au moins 2 et M étant de I'hydrogéne.

Procédé selon la revendication 2, V étant -Si(OZ),W-
Procédé selon la revendication 2, V étant-P(O) (OY)W-.

Procédé selon I'une quelconque des revendications 2 a 4, n étant un nombre entier de 1 a 20, et R étant de
I'hydrogéne.

Procédé selon 'une quelconque des revendications 2 a 4, n étant un nombre entier de 1 a 20, et R étant du fluor.

Procédé selon la revendication 5 ou selon la revendication 6, m étant un nombre entier de 1 a 20, et M étant un
hydrogéne.

Procédé selon la revendication 7, m étant égal a 2.
Procédé selon 'une quelconque des revendications 2 a 8, k étant égal a 1.
Procédé selon I'une quelconque des revendications 2 a 8, k étant égal a 0.

Procédé selon I'une quelconque des revendications 2 a 10, la somme de (n + [(h +j) -k] + m) étant un nombre entier
compris entre 13 et 19.

Procédé selon la revendication 2, le ligand modificateur de surface comprenant au moins une premiére partie
comprenant des atomes de carbone perfluorés a une extrémité tournée vers l'intérieur des premiére et seconde
monocouches hydrophobes densément chargées respectives (422, 412).

Procédé selon larevendication 12, tous les atomes de carbone des premiére et seconde monocouches hydrophobes
densément chargées (422, 412) étant perfluorés.

Procédé selon larevendication 1, le substrat comprenant en outre une couche photoréactive ayant une premiere face
en contact avec la couche diélectrique interne et une seconde face en contact avec I'au moins une électrode.

Procédé selon la revendication 1, la premiére couche de matériau diélectrique étant formée par dép6t de couche

atomique ou la seconde couche de matériau diélectrique étant formée par dépot en phase vapeur chimique amélioré
par plasma.
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