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(57) Abstract: The invention provides droplet actuators and droplet actuator techniques. Among other things, the droplet actua-
tors and methods are usetul for manipulating beads on a droplet actuator, such as conducting droplet operations using bead-con-
taining droplets on a droplet actuator. For example, beads may be manipulated on a droplet actuator in the context of executing a
sample preparation protocol and/or an assay protocol. An output of the methods of the invention may be beads prepared for execu-
tion of an assay protocol. Another output of the methods of the invention may be results of an assay protocol executed using
beads. Among the methods described herein are methods of concentrating beads in droplets, methods of washing beads, methods
of suspending beads, methods of separating beads, methods of localizing beads within a droplet, methods of forming emulsions in
which droplets include beads, methods of loading beads into a droplet operations gap of a droplet actuator, methods of organizing
beads in a monolayer, and methods of capturing, trapping or restraining beads.
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Droplet Actuator Devices and Methods for Manipulating Beads

Related Applications

This application claims priority to the following U.S. Patent Applications: 61/075,250, entitled
“Manipulating Beads in a Droplet Actuator,” filed on June 24, 2008; 61/053,693, entitled “Bead
handling on a droplet actuator,” filed on May 16, 2008; 61/082,314, entitled “Bead Handling on a
Droplet Actuator,” filed on July 21, 2008; 61/085,773, entitled “Droplet Actuator Devices and
Methods for Handling Beads,” filed on August 1, 2008; 61/160,607, entitled “Droplet Actuator
Devices and Methods for Manipulating Beads,” filed on August 5, 2008; the entire disclosures of

each of these applications is incorporated herein by reference.

Background

Droplet actuators are used to conduct a wide variety of droplet operations. A droplet actuator
typically includes one or more substrates forming a droplet operations surface or droplet
operations gap. The gap between the substrates is typically filled with a filler fluid that is
immiscible with the liquid that is to be subjected to droplet operations. Droplet operations are
controlled by electrodes associated with one or both of the substrates. There is a need for
modified droplet actuators and droplet actuator techniques for manipulating beads on a droplet

actuator.

Summary of the Invention

The invention provides a method of reducing a liquid volume surrounding one or more
magnetically responsive beads. The method may include providing a droplet including one or
more magnetically responsive beads. The method may include exposing the magnetically
responsive beads in the droplet to a first region of a magnetic field. The method may include
separating the droplet from the first region of the magnetic field, the magnetically responsive
beads remaining in the magnetic field. The droplet may include a wash buffer. The droplet may
include one or more target substances for which at least a subset of the one or more beads has

affinity. The magnetically responsive beads may be surrounded by liquid from the droplet.

The magnetically responsive beads may be separated from the droplet while exposing the

magnetically responsive beads in the droplet to a first region of a magnetic field and/or while the
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droplet is being separated from the first region of the magnetic field. Separating the droplet from
the first region of the magnetic field may include magnetically attracting beads from a droplet
positioned at least partially in a droplet operations gap of a droplet actuator through an opening in
a substrate of the droplet actuator to a locus which may be exterior to the droplet operations gap.
The magnetically responsive beads may be snapped out of or otherwise removed from the droplet
when the droplet is in the first region of the magnetic field. During the separation, the droplet
may, in some embodiments, be restrained from following the magnetically responsive beads by a
surface property of an underlying substrate. The surface property of the underlying substrate
may cause the droplet to remain in a substantially stationary position during the separation; and/or
may cause the droplet to move closer to the region of the magnetic field during the separation;
and/or may cause the droplet to move further from the region of the magnetic field during the
separation. The surface property of the underlying substrate may be mediated by an electrode,
such as an electrode underlying the substrate (e.g., an clectrowetting electrode and/or a
dielectrophoresis electrode arrangement). The droplet may be surrounded by a liquid filler fluid

that may be substantially immiscible with the droplet.

The magnetically responsive beads may remain in the first region of the magnetic field in some
cases. In other cases, the magnetically responsive beads may be caused by the magnetic field to
relocate from the first region of the magnetic field to a second region of the magnetic field.
Exposing the magnetically responsive beads in the droplet to a first region of a magnetic field
may include transporting the droplet into the first region of the magnetic field and/or transporting
the first region of the magnetic field into proximity with the magnetically responsive beads.
Separating the droplet from the first region of the magnetic field may include transporting the
droplet away from the first region of the magnetic field and/or moving the first region of the

magnetic field away from the droplet.

The method may be used for concentrating a target substance on the magnetic bead by contacting
the magnetic bead with a sample droplet. The sample droplet may be separated from the first
region of the magnetic field, the magnetically responsive beads remaining in the magnetic field.
The method may include washing the magnetic bead by contacting the magnetic bead with a
wash droplet. The method may include separating the wash droplet from the first region of the

magnetic field, the magnetically responsive beads remaining in the magnetic field.

Providing a droplet including magnetically responsive beads may include providing the droplet in

a droplet operations gap of a droplet actuator, wherein the droplet is subject to one or more
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droplet operations. Exposing the magnetically responsive beads in the droplet to a first region of
a magnetic field may include transporting the droplet using electrode-mediated droplet operations
into the first region of the magnetic field and/or transporting the first region of the magnetic field
into proximity with the magnetically responsive beads. Separating the droplet from the first
region of the magnetic field may include transporting the droplet using electrode-mediated
droplet operations away from the first region of the magnetic field and/or transporting the first
region of the magnetic field away from the magnetically responsive beads. The one or more
droplet operations may be mediated by one or more electrodes. Following separating the droplet
from the first region of the magnetic field, the droplet may be subjected to one or more additional
assay or sample preparation steps and/or may be presented to a detector or detection window for

detection of a property of and/or signal from the droplet.

The magnetically responsive beads remaining in the magnetic field may be positioned in a droplet
atop an electrowetting electrode. In some cases, the footprint of the droplet is smaller than the
footprint of the electrowetting electrode. The magnetically responsive beads may be subjected to
an assay protocol. In this and other methods described herein, an output of an assay may include
human-readable results of an assay protocol. Further, in this and other methods described herein,

execution of one or more steps of the method may be controlled by a computer.

The invention provides a system programmed to execute any of the methods of the invention.
The system may include a computer or computer processor or controller coupled to one or more
droplet actuators and programmed to execute one or more steps of any of the methods of the

invention.

The invention provides a method of merging a first droplet with a second droplet. The method
may include providing a droplet actuator substrate may include electrowetting electrodes
arranged to mediate one or more droplet operations, each electrowetting electrode having a
footprint. The method may include providing atop an electrode a first droplet having a footprint
which may be smaller than the footprint of the electrode. The method may include transporting a
second droplet along the electrowetting electrodes into contact with the first droplet. The first
droplet may include beads, which may in some instances be magnetically responsive. The first
droplet may be provided by magnetically attracting a component of a droplet onto the electrode.
The first droplet may be transported into position atop the electrode by a magnetic field acting on
the magnetically responsive beads. The first droplet may be broken off of another droplet by a

magnetic field acting on the magnetically responsive beads. In one embodiment, the first droplet
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may be formed by providing a third droplet on the electrode and merging the third droplet with a
fourth droplet may include magnetically responsive beads to yield the first droplet. In another
embodiment, the first droplet may be formed by merging a third droplet with a fourth droplet
including magnetically responsive beads to yield the first droplet, and magnetically attracting the
first droplet onto the electrode. In various embodiments, a droplet may be retained in position by

a magnetic field acting on magnetically responsive beads within the droplet.

The invention provides a method of conducting one or more steps of an assay. The method may
include arraying on a substrate a sample liquid, and one or more reagent liquids. The method
may include using a magnetic field, gravity, and/or centrifugal force to move beads having
affinity for a target substance in the sample liquid into and/or through the sample liquid and the
reagent liquids to conduct the assay. In some cases, the method includes using gravity, and/or
centrifugal force, and/or a magnetic field to move beads having affinity for a target substance in
the liquid into and/or through the sample liquid and the reagent liquids to conduct one or more
steps of a sample preparation protocol and/or an assay. The arraying may, in some cases, be
mediated at least in part by one or more electrodes associated with the substrate. Where a
magnetic field is used, it may be moved along a path of liquid operations electrodes and/or along
a path intersecting a path of liquid operations electrodes. The sample liquid may be arrayed atop
and maintained in position by an electrode underlying the substrate. The one or more reagent
liquids may be arrayed atop and maintained in position by an electrode underlying the substrate.
The sample liquid and one or more reagent liquids may be arrayed such that movement of the
magnetic field along a straight line will cause the one or more beads to move through the sample

liquid and one or more reagent liquids.

The method may include repeating movements of the magnetic field along a path, and the sample
liquid and/or one or more reagent liquids is moved into the path between such repeating
movements of the magnetic field along a path. The repeating movements of the magnetic field
along a path may include repeatedly transporting a droplet around a loop path and/or may include

back and forth movements along a non-looping path.

In the various assays described herein, the one or more reagents may include any reagents
suitable for conducting any assay. Examples include reagents for conducting an immunoassay,

an enzymatic assay, a nucleic acid assay, etc.
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Further, in the various assays described herein, the method may include using a magnetic field to
move magnetically responsive beads into a detection liquid may include reagents for producing a
signal indicative of the presence and/or quantity of the target substance. The detection liquid may
be in contact with or in sensing proximity to a sensor when the magnetically responsive beads
may be moved into the detection liquid. The detection liquid may be transported into contact, or
sensing proximity, with a sensor after the magnetically responsive beads may be moved into the
detection liquid. In any of the techniques described herein, the arraying, providing or otherwise
disposing a droplet or liquid on a substrate may include arraying in one or more channel and/or

on an open substrate and/or in a droplet operations gap.

The invention provides a method of removing one or more beads from a position in which the one
or more beads is restrained by a force. The method may include providing a first droplet
including the one or more beads. The method may further include exposing the one or more
beads to a force which acts on the one or more beads in a first direction. The method may include
transporting the droplet in a second direction, causing the droplet to move the beads in the second
direction, against the force which acts on the one or more beads in the first direction. In some
cases, the droplet has a interfacial tension which is sufficiently high to prevent the first force from
causing the one or more beads to leave the droplet during the transporting step. The first force
may, in some instances, include a magnetic force and at least a subset of the one or more beads
may include magnetically responsive beads. The magnetic force may include a magnetic field
emitted by a magnetic field emitting device (e.g., a permanent magnet or an electromagnet)
positioned in proximity to the droplet. In certain embodiments, the first force may include a
centrifugal force and/or a gravitational force. In certain embodiments, the second force may
include an electrowetting force, a dielectrophoretic force, and/or a frictional force. The second
direction may be partially or completely opposite, opposed to, or against the first direction. The

second force may be in any direction which partially or completely acts against the first force.

In certain embodiments, the method may include forming the first droplet by combining a second
droplet may include the one or more beads and having a interfacial tension which may be not
sufficiently high to prevent the first force from causing the one or more beads to leave the second
droplet, and a third droplet having a interfacial tension which may be sufficiently high to raise the
interfacial tension of the second droplet to a level which may be sufficiently high to prevent the

first force from causing the one or more beads to leave the combined first droplet.
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The invention provides a method of positioning a droplet including magnetically responsive
beads atop an electrode in a droplet operations gap of a droplet actuator. The method may
include using a magnetic field to attract the droplet with the beads to a position atop an electrode.
The droplet may have a droplet footprint which is substantially smaller than the electrode
footprint. For example, in certain embodiments, the droplet footprint area may be less than about
75%, or less than about 50%, or less than about 25% of the electrode footprint area. The droplet
may be substantially surrounded in the droplet operations gap by a liquid filler fluid that may be
immiscible with the droplet. The technique may be useful for retaining droplets in place during
shipment. Magnets may, in some cases, be removed prior to use in order to free the droplets for
operation. Thus, for example, the invention may include a shipping packaging component
including magnets coupled to a droplet actuator including one or more magnetic bead-containing
droplets retained in place by magnets on the packaging component. The packaging component
and the droplet actuator may be separated to free the droplets prior to execution of a protocol on

the droplet actuator.

The invention also includes a droplet actuator with a substrate, one or more electrodes associated
with the substrate and configured to effect one or more droplet operations on a surface of the
substrate, one or more bead binding sites on the droplet operations surface atop one or more of
the electrodes. The bead binding sites may include one or more beads bound thereto. The bead
binding sites may include an array of multiple bead binding sites on the droplet operations surface
atop a droplet operations electrode. The bead binding sites on the droplet operations surface may
include one or more recessed areas. A droplet may be positioned atop the bead binding sites.
The droplet may include one or more beads having affinity for the bead binding sites. One or
more of the bead binding sites may include a substance that has an affinity for one or more of the
beads. In some cases, a droplet actuator may include two or more electrodes, each associated
with bead binding sites. The bead binding sites of each electrode having affinity for a different
bead-type, ¢.g., the bead type may include a different bead binding modality as well as affinity for
a different target substance. A magnetic field emitting device may underly one or more of the

bead binding sites.

The invention provides a method of arraying beads on a substrate. The method may, for example,
include providing a droplet actuator with a substrate, one or more electrodes associated with the
substrate and configured to effect one or more droplet operations on a surface of the substrate,
and one or more bead binding sites on the droplet operations surface atop one or more of the

electrodes. The method may also include providing on the substrate a droplet may include beads,
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and transporting the droplet onto the one or more bead binding sites causing one or more beads to
bind to one or more bead binding sites. The one or more bead binding sites may include an array
of bead binding sites on the droplet operations surface atop a droplet operations electrode.
Causing one or more beads to bind to one or more bead binding sites may include causing the
multiple beads to be arrayed in a monolayer the droplet operations surface atop a droplet
operations electrode. The one or more bead binding sites on the droplet operations surface may
include one or more recessed areas. Causing one or more beads to bind to one or more bead
binding sites may include causing the one or more beads to settle in and/or bind to the recessed
arcas. One or more of the bead binding sites may include a substance that has an affinity for one
or more of the beads. Causing one or more beads to bind to one or more bead binding sites may
include causing the one or more beads to bind to the substance. In some cases, a subset of the
beads binds to a first set of one or more bead binding sites and another subset of the beads does
not bind to the first set of one or more bead binding sites. In some cases, a first subset of the
beads having affinity for a first target substance binds to a first set of one or more bead binding
sites and a second subset of the beads having affinity for a second target substance does not bind
to the first set of one or more bead binding sites. In some cases, the second subset of the beads
having affinity for a second target substance binds to a second set of one or more bead binding
sites. This may involve transporting the droplet with the second subset of the beads to a second
set of one or more bead binding sites having affinity for the subset of the beads that does not bind
to the first set of one or more bead binding sites. In some cases, the second set of one or more
bead binding sites may be atop a second electrode, and here as in all other instances of droplet
transport described herein, the transport may be clectrode mediated, such as electrowetting
mediated and/or dielectrophoresis mediated. Causing one or more beads to bind to one or more
bead binding sites may include magnetically attracting the one or more beads to the one or more
bead binding sites, and/or may include agitating the droplet to cause the beads to spread into

multiple bead binding sites.

The invention also provides a droplet actuator with one or more substrates arranged to form a
droplet operations gap, one or more eclectrodes arranged to conduct one or more droplet
operations in the droplet operations gap, and a reservoir in fluid communication with the droplet
operations gap having two or more liquid paths extending from the reservoir into the droplet
operations gap. In some cases, each liquid path enters the droplet operations gap at an opening
locus which may be substantially aligned with an electrode. In some cases, the reservoir is
mounted directly on or formed in or on a droplet actuator substrate. The electrode onto which the

liquid flows from the reservoir may be across the droplet operations gap from the opening locus.
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One or more bead binding sites may be included on a surface of the droplet operations gap. One
or more of the bead binding sites may be at a bead binding locus of the droplet operations gap
which is atop an electrode. The bead binding locus may be aligned with the opening locus. The
bead binding locus may be across the droplet operations gap from the opening locus. A magnetic
field producing device may be arranged to attract one or more beads from the opening locus to a
surface locus which may be atop an electrode across the droplet operations gap from the opening
locus. The reservoir may include a liquid therein, such as a sample or reagent liquid. For
example, the sample may include one or more nucleic acid targets for amplification, and multiple
sub-samples may be loaded through the fluid paths in order to conduct PCR, such as digital PCR
and/or end-point PCR. The liquid may flow through one or more of the openings into the droplet
operations gap. In some cases liquid in the reservoir flows through two or more (e.g.,
2,3,4,5,6,7,8,9,10, 15, 20, 25, 50, 75, 100 or more) of the openings into the droplet operations
gap. The liquid in the reservoir that flows into the droplet operations gap may be attracted
otherwise facilitated in its entry into the droplet operations gap by an activated electrode
associated with a region of the substrate underlying the opening locus. The liquid may include
magnetically responsive beads. The magnetically responsive beads may be attracted by a
magnetic field to an edge of the liquid which may be in the droplet operations gap. The
magnetically responsive beads may be arranged in a monolayer at an edge of the liquid which
may be in the droplet operations gap. The magnetically responsive beads may be bound to one or

more bead binding sites on a surface of the droplet operations gap.

The invention provides a method of distributing a liquid in a droplet actuator. The method may
include may make use of a droplet actuator with one or more substrates arranged to form a
droplet operations gap, one or more eclectrodes arranged to conduct one or more droplet
operations in the droplet operations gap, and a reservoir in fluid communication with the droplet
operations gap having two or more liquid paths extending from the reservoir into the droplet
operations gap. The method may include providing a liquid in the reservoir, and flowing liquid
from the reservoir through the two or more liquid paths into the droplet operations gap. The
method may include dispensing two or more droplets from the liquid, at least one from each of
the liquid paths. The method may include merging one or more droplets with the liquid flowed
from the reservoir through the two or more liquid paths into the droplet operations gap. In some
cases, the method may include include retracting liquid from the droplet operations gap through
the fluid paths and into the reservoir. Flowing liquid from the reservoir through the two or more
liquid paths into the droplet operations gap may include, in each instance, flowing the liquid onto

an electrode underlying the substrate. The electrode underlying the substrate may be situated at a
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position which may be across the droplet operations gap from a locus at which a liquid path
enters the droplet operations gap. The liquid may include one or more beads. The method further
may include causing the one or more beads to bind to one or more bead binding sites on a surface
of the droplet operations gap. The one or more bead binding sites may be located atop an
electrode. The electrode may be across the droplet operations gap from a locus at which a liquid
path enters the droplet operations gap. The beads may include magnetically responsive beads.
The method further may include magnetically attracting the magnetically responsive beads to a
surface of the droplet operations gap. The surface of the droplet operations gap may be located
atop an electrode. The electrode may be across the droplet operations gap from a locus at which a
liquid path enters the droplet operations gap. The method further may include transporting one or
more beads which may be not substantially magnetically responsive away from the locus of the
substrate which may be atop the electrode which may be across the droplet operations gap from
the opening. The method further may include attracting the magnetically responsive beads to an
edge of the liquid which may be in the droplet operations gap. The method further may include
arranging the magnetically responsive beads in a monolayer at an edge of the liquid which may
be in the droplet operations gap. The method further may include binding the magnetically
responsive beads to one or more bead binding sites on a surface of the droplet operations gap.
Flowing liquid from the reservoir through the two or more openings into the droplet operations
gap may be mediated at least in part by an electrode underlying the opening. The magnetically
responsive beads may be arranged substantially in a monolayer at an edge of the liquid which

may be in the droplet operations gap.

The invention provides a method of depositing beads on a substrate. The method may make use
of a droplet actuator including one or more droplet actuator substrates arranged to form a droplet
operations gap, one or more electrodes arranged to conduct one or more droplet operations in the
droplet operations gap, and one or more liquid paths extending from the droplet operations gap,
through the droplet actuator substrate, and to an exterior of the droplet operations gap. The
method may include providing a deposition substrate arranged to receive liquid from the one or
more openings, providing one or more droplets may include beads in the droplet operations gap,
flowing liquid from the one or more droplets through the one or more liquid paths and onto the
deposition substrate, and causing one or more beads to travel from within a droplet in the droplet
operations gap, through one or more of the liquid paths, and into proximity with, or onto, the
deposition substrate. In some cases, the method may include retracting liquid from the one or
more droplets into the droplet operations gap. The deposition substrate may be associated with

electrodes configured for conducting one or more droplet operations on the deposition substrate.
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Flowing liquid from the one or more droplets through the one or more liquid paths and onto the
deposition substrate may include, in each instance, flowing the liquid onto an electrode
underlying the deposition substrate. The liquid may include one or more beads. The method
further may include causing the one or more beads to bind to one or more bead binding sites on a
surface of the deposition substrate. The one or more bead binding sites may be located atop an
clectrode. The beads may include magnetically responsive beads. The method further may
include magnetically attracting the magnetically responsive beads to a surface of the deposition
substrate. The method further may include attracting the magnetically responsive beads to an
edge of the liquid which may be in contact with the deposition substrate. The method further may
include arranging the magnetically responsive beads in a monolayer at an edge of the liquid
which may be in contact with the deposition substrate. The method further may include binding
the magnetically responsive beads to one or more bead binding sites on a surface of the

deposition substrate.

The invention provides a droplet actuator device with a first substrate including a first sieve
electrode, and a second substrate may include a droplet operations electrode. The first substrate
and second substrate may be arranged such that a droplet positioned on the sieve electrode will
move through the sieve electrode and onto the droplet operations electrode upon deactivation of
the sieve electrode and activation of the droplet operations electrode. The droplet operations
electrode may include a second sieve electrode. The first sieve electrode and the second sieve
clectrode may be vertically aligned. The droplet actuator device may include a third substrate
may include a second droplet operations electrode, wherein the second substrate and third
substrate may be arranged such that a droplet positioned on the second sieve electrode will move
through the second sieve electrode and onto the second droplet operations electrode upon
deactivation of the second sieve clectrode and activation of the second droplet operations
electrode. The droplet actuator device may include a top substrate arranged to form a droplet
operations gap between the top substrate and the first substrate. The droplet operations gap may
be sealed and filled with a liquid filler fluid. One or more of the sieve electrodes may include a
mesh electrode, a screen electrode, an electrode having one or more openings therein. A sieve
electrodes may include an electrode having one or more openings therein, e.g., an array of
openings therein. The openings have a size which may be selected to permit beads having a first
size to pass through the openings while restraining beads having a second, larger size from
passing through the openings. The droplet operations electrode on the second substrate may be
part of an arrangement of electrodes on the second substrate, and the arrangement of droplet

operations electrodes may be configured for conducting one or more droplet operations on the
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second substrate. The arrangement of electrodes on a second substrate may include a second
sieve electrode that may be not vertically aligned with the first sieve electrode on the first
substrate. The device may include any number of substrates, and droplets may be passed from
substrate-to-substrate and/or passed back and forth among substrates. For example, a third
substrate may be provided including a second droplet operations electrode, wherein the second
substrate and third substrate may be arranged such that a droplet positioned on the second sieve
electrode will move through the second sieve electrode and onto the second droplet operations
electrode upon deactivation of the second sieve electrode and activation of the second droplet

operations electrode.

The invention provides a method of transporting a droplet from a first droplet actuator substrate
to a second droplet actuator substrate. The method may make use of a droplet actuator device
with a first substrate including a first sieve electrode, a droplet positioned on the sieve electrode,
and a second substrate including a droplet operations electrode. The method may include
activating the droplet operations electrode to cause the droplet to move through the sieve

electrode and onto the droplet operations electrode.

The droplet operations electrode may include a second sieve electrode. The droplet actuator
further may include a third substrate with a second droplet operations electrode. The method
further may include activating the second droplet operations electrode to cause the droplet to

move through the second sieve electrode and onto the second droplet operations electrode.

The droplet actuator further may include a top substrate arranged to form a droplet operations gap
between the top substrate and the first substrate. The droplet operations gap may be sealed and

filled with a liquid filler fluid.

One or more of the sieve electrodes may include a mesh, a screen, and/or one or more openings
therein. Openings in the first sieve electrode have a size which may be selected to restrain first

beads having a first size from passing through the openings.

The droplet on the first sieve electrode may include first beads. The method may include
transporting the droplet through the first sieve electrode while retaining the first beads from
passing through the sieve electrode to yield a droplet lacking first beads. The method may
include solubilizing the first beads restrained by the sieve electrode in another droplet, yielding a

droplet may include the first beads. Solubilizing the first beads restrained by the sieve electrode
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in another droplet may include transporting a droplet using electrode mediated droplet operations
onto the sieve electrode to solubilize the first beads therein. The droplet including first beads
may be removed from the droplet actuator and/or used for conducting one or more steps of an
assay using the droplet including first beads. The droplet lacking first beads may be removed
from the droplet actuator and/or used for conducting one or more steps of an assay using the

droplet lacking first beads.

Openings in the first sieve electrode have a size which may be selected to permit first beads
having a first size to pass through the openings and restrain second beads having a second, larger
size from passing through the openings. The droplet on the first sieve electrode may include first
beads and second beads. The method may include transporting the droplet through the first sieve
clectrode with first beads while retaining the second beads from passing through the sieve
electrode to yield a droplet including first beads. The second beads restrained by the sieve
clectrode may be solubilized in another droplet, yielding a droplet including second beads.
Solubilizing the second beads restrained by the sieve electrode in another droplet may include
transporting a droplet using electrode mediated droplet operations onto the sieve electrode to
solubilize the second beads therein. The droplet including second beads may be removed from
the droplet actuator and/or used for conducting one or more steps of an assay using the droplet
including second beads. The droplet including first beads may be removed from the droplet
actuator and/or used for conducting one or more steps of an assay using the droplet including first
beads.

The method may further include transporting the droplet having first beads through a second
sieve electrode having openings sized to restrain the first beads, yielding a droplet lacking first
beads and second beads. The first beads restrained by the sieve electrode may be solubilized in
another droplet, yielding a droplet including first beads. Solubilizing the first beads restrained by
the sieve electrode in another droplet may include transporting a droplet using electrode mediated
droplet operations onto the sieve e¢lectrode to solubilize the first beads therein. The droplet
including first beads may be removed from the droplet actuator and/or used for conducting one or
more steps of an assay using the droplet including first beads. The droplet lacking first beads and
second beads may be removed from the droplet actuator and/or used for conducting one or more

steps of an assay using the droplet lacking first beads and second beads.
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Positioning a droplet on a sieve electrode may include providing a droplet on an electrode
adjacent to the sieve electrode; and deactivating the adjacent electrode and activating the sieve

electrode to cause the droplet to move from the adjacent electrode onto the sieve electrode.

The invention provides a method of separating beads from a droplet. The droplet may include
first beads having a first size. The method may include transporting the droplet through a first
sieve electrode including first openings having a size which may be selected to restrain first beads
from passing through the first openings to yield a droplet lacking first beads. The first beads
restrained by the sieve electrode may be solubilized in another droplet, yielding a droplet
including first beads. Solubilizing the first beads restrained by the sieve electrode in another
droplet may include transporting a droplet using electrode mediated droplet operations onto the
sieve electrode to solubilize the first beads therein. The droplet including first beads may be
removed from the droplet actuator and/or used for conducting one or more steps of an assay using
the droplet including first beads. The droplet lacking first beads may be removed from the
droplet actuator and/or used for conducting one or more steps of an assay using the droplet

lacking first beads.

The droplet may include further including second beads having a second size. The first openings
have a size which may be selected to permit second beads to pass through the first openings to
yield a droplet lacking first beads and including second beads. The method further may include
transporting the droplet lacking first beads and including second beads through a second sieve
electrode sieve electrode may include openings having a size which may be selected to restrain
second beads from passing through the openings to yield a droplet lacking second beads. The
second beads restrained by the sieve electrode may be solubilized in another droplet, yielding a
droplet including second beads. Solubilizing the second beads restrained by the sieve electrode in
another droplet may include transporting a droplet using electrode mediated droplet operations
onto the sieve electrode to solubilize the second beads therein. The droplet including second
beads may be removed from the droplet actuator and/or used for conducting one or more steps of
an assay using the droplet including second beads. The droplet lacking second beads may be
removed from the droplet actuator and/or used for conducting one or more steps of an assay using

the droplet lacking second beads.

The invention provides a method of providing sub-droplets. The method may make use of a
droplet actuator including one or more substrates arranged to form a droplet operations gap, and

associated with at least one electrode arranged for conducting one or more droplet operations in
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the droplet operations gap. The method may include providing a droplet in the droplet operations
gap in proximity to the electrode. The droplet may be surrounded by a liquid filler fluid which
may be substantially immiscible with the droplet. The droplet may have a interfacial tension and
position selected such that activation of the electrode causes the droplet to break apart into sub-
droplets. The method may thus include activating the electrode and causing the droplet to break
apart into sub-droplets. The sub-droplets together with surrounding filler fluid may constitute an
emulsion. Causing the droplet to break apart into sub-droplets may produce at least tens of sub-
droplets, at least hundreds of sub-droplets, at least thousands of sub-droplets, at least tens of
thousands of sub-droplets, or more. The sub-droplets may include beads. The method may in
some cases include flowing the sub-droplets away from the electrode in the filler fluid. In some
cases, the sub-droplets may be sorted to identify sub-droplets with predetermined numbers or
types of beads. The method may include combining at least a subset of the sub-droplets atop or
otherwise associated with the electrode with a droplet having a interfacial tension selected to
render a interfacial tension in a resulting combined droplet sufficiently high that activation of the

electrode does not cause the resulting combined droplet to break apart into sub-droplets.

Definitions

As used herein, the following terms have the meanings indicated.

“Activate” with reference to one or more electrodes means effecting a change in the electrical
state of the one or more electrodes which, in the presence of a droplet, results in a droplet

operation.

“Bead,” with respect to beads on a droplet actuator, means any bead or particle that is capable of
interacting with a droplet on or in proximity with a droplet actuator. Beads may be any of a wide
variety of shapes, such as spherical, generally spherical, egg shaped, disc shaped, cubical and
other three dimensional shapes. The bead may, for example, be capable of being transported in a
droplet on a droplet actuator or otherwise configured with respect to a droplet actuator in a
manner which permits a droplet on the droplet actuator to be brought into contact with the bead,
on the droplet actuator and/or off the droplet actuator. Beads may be manufactured using a wide
variety of materials, including for example, resins, and polymers. The beads may be any suitable
size, including for example, microbeads, microparticles, nanobeads and nanoparticles. In some
cases, beads are magnetically responsive; in other cases beads are not significantly magnetically

responsive. For magnetically responsive beads, the magnetically responsive material may
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constitute substantially all of a bead or one component only of a bead. The remainder of the bead
may include, among other things, polymeric material, coatings, and moieties which permit
attachment of an assay reagent. Examples of suitable magnetically responsive beads include flow
cytometry microbeads, polystyrene microparticles and nanoparticles, functionalized polystyrene
microparticles and nanoparticles, coated polystyrene microparticles and nanoparticles, silica
microbeads, fluorescent microspheres and nanospheres, functionalized fluorescent microspheres
and nanospheres, coated fluorescent microspheres and nanospheres, color dyed microparticles
and nanoparticles, magnetic microparticles and nanoparticles, superparamagnetic microparticles
and nanoparticles (e.g., DYNABEADS® particles, available from Invitrogen Corp., Carlsbad,
CA), fluorescent microparticles and nanoparticles, coated magnetic microparticles and
nanoparticles, ferromagnetic microparticles and nanoparticles, coated ferromagnetic
microparticles and nanoparticles, and those described in U.S. Patent Publication No.
20050260686, entitled, “Multiplex flow assays preferably with magnetically responsive beads as
solid phase,” published on November 24, 2005, the entire disclosure of which is incorporated
herein by reference for its teaching concerning magnetically responsive materials and beads.
Whether magnetically responsive or non-responsive, beads can be buoyant or non-buoyant
relative to droplets and/or filler fluids. In some cases, beads may be exceptionally dense and
subject to gravity. Beads themselves may also be magnetic, i.c., the beads may produce a
magnetic field. Certain properties of beads, such as magnetic properties may be adjustable or
reversible by mechanisms such as addition or removal of a bead component, activation of an
electrode in the vicinity of the bead, and/or exposure of a bead to a magnetic field. Beads may be
pre-coupled with a biomolecule (ligand). The ligand may, for example, be an antibody, protein or
antigen, DNA/RNA probe or any other molecule with an affinity for the desired target substance.
Examples of droplet actuator techniques for immobilizing magnetically responsive beads and/or
non-magnetically responsive beads and/or conducting droplet operations protocols using beads
are described in U.S. Patent Application No. 11/639,566, entitled “Droplet-Based Particle
Sorting,” filed on December 15, 2006; U.S. Patent Application No. 61/039,183, entitled
“Multiplexing Bead Detection in a Single Droplet,” filed on March 25, 2008; U.S. Patent
Application No. 61/047,789, entitled “Droplet Actuator Devices and Droplet Operations Using
Beads,” filed on April 25, 2008; U.S. Patent Application No. 61/086,183, entitled “Droplet
Actuator Devices and Methods for Manipulating Beads,” filed on August 5, 2008; International
Patent Application No. PCT/US2008/053545, entitled “Droplet Actuator Devices and Methods
Employing Magnetic Beads,” filed on February 11, 2008; International Patent Application No.
PCT/US2008/058018, entitled “Bead-based Multiplexed Analytical Methods and
Instrumentation,” filed on March 24, 2008; International Patent Application No.
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PCT/US2008/058047, “Bead Sorting on a Droplet Actuator,” filed on March 23, 2008; and
International ~ Patent  Application No. PCT/US2006/047486, entitled “Droplet-based
Biochemistry,” filed on December 11, 2006; the entire disclosures of which are incorporated

herein by reference.

“Divot” means any recessed or area in a droplet actuator surface. A divot may be present on
electrodes, sidewalls of electrodes or any other structures (such as gaskets or spacers) present
within a droplet operations gap, on a droplet operations surface, and/or in or on a reservoir
associated with a droplet actuator. Any shape is suitable, examples include sections of spheres,
ellipsoids, paraboloids, hyperboloids, cylinders, cones, cubes, discs, depressions, and the like.
The depth of the divot may be only a fraction of the thickness of the material in which it exists; or
it may occupy the entire thickness; or it may occupy two or more layers of materials. For
example, one or more divots may be provided in a dielectric layer or hydrophobic layer in a
droplet operations surface. A divot may be hydrophobic or hydrophilic in nature and may also be
coated with materials. As an example, a divot may be coated with a material that serves the
purpose of binding to a bead or other substance. Multiple divots may be provided as arrays in

any pattern, e.g., checkerboard, star shaped, circular, linear, etc.

“Droplet” means a volume of liquid on a droplet actuator that is at least partially bounded by
filler fluid. For example, a droplet may be completely surrounded by filler fluid or may be
bounded by filler fluid and one or more surfaces of the droplet actuator. Droplets may, for
example, be aqueous or non-aqueous or may be mixtures or emulsions including aqueous and
non-aqueous components. Droplets may take a wide variety of shapes; nonlimiting examples
include generally disc shaped, slug shaped, truncated sphere, ellipsoid, spherical, partially
compressed sphere, hemispherical, ovoid, cylindrical, and various shapes formed during droplet
operations, such as merging or splitting or formed as a result of contact of such shapes with one
or more surfaces of a droplet actuator. For examples of droplet fluids that may be subjected to
droplet operations using the approach of the invention, see International Patent Application No.
PCT/US 06/47486, entitled, “Droplet-Based Biochemistry,” filed on December 11, 2006. In
various embodiments, a droplet may include a biological sample, such as whole blood, lymphatic
liquid, serum, plasma, sweat, tear, saliva, sputum, cerebrospinal liquid, amniotic liquid, seminal
liquid, vaginal excretion, serous liquid, synovial liquid, pericardial liquid, peritoneal liquid,
pleural liquid, transudates, exudates, cystic liquid, bile, urine, gastric liquid, intestinal liquid, fecal
samples, liquids containing single or multiple cells, liquids containing organelles, fluidized

tissues, fluidized organisms, liquids containing multi-celled organisms, biological swabs and
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biological washes. A droplet may include a reagent, such as water, deionized water, saline
solutions, acidic solutions, basic solutions, detergent solutions and/or buffers. Other examples of
droplet contents include reagents, such as a reagent for a biochemical protocol, such as a nucleic
acid amplification protocol, an affinity-based assay protocol, an enzymatic assay protocol, a
sequencing protocol, and/or a protocol for analyses of biological fluids. A droplet may include
precipitates, such as amorphous or crystalline precipitates, which may be pre-existent in the liquid
of the droplet, formed, dissolved, and reformed over time and/or due to chemical changes in the
droplet. The droplet may be a material which can become a liquid with changes in temperature,
pressure, electric field, agitation, etc., whereupon it becomes subject to one or more droplet

operations. Conversely, droplets may be solidified.

“Droplet Actuator” means a device for manipulating droplets. For examples of droplet actuators,
see U.S. Patent 6,911,132, entitled “Apparatus for Manipulating Droplets by Electrowetting-
Based Techniques,” issued on June 28, 2005 to Pamula et al.; U.S. Patent Application No.
11/343,284, entitled “Apparatuses and Methods for Manipulating Droplets on a Printed Circuit
Board,” filed on filed on January 30, 2006; U.S. Patents 6,773,566, entitled “Electrostatic
Actuators for Microfluidics and Methods for Using Same,” issued on August 10, 2004 and
6,565,727, entitled “Actuators for Microfluidics Without Moving Parts,” issued on January 24,
2000, both to Shenderov et al; Pollack et al., International Patent Application No.
PCT/US2006/047486, entitled “Droplet-Based Biochemistry,” filed on December 11, 2006; and
Roux et al., U.S. Patent Pub. No. 20050179746, entitled “Device for Controlling the
Displacement of a Drop Between two or Several Solid Substrates,” published on August 18,
2005; the disclosures of which are incorporated herein by reference. Certain droplet actuators
will include a substrate, droplet operations electrodes associated with the substrate, one or more
dielectric and/or hydrophobic layers atop the substrate and/or electrodes forming a droplet
operations surface, and optionally, a top substrate separated from the droplet operations surface
by a gap. One or more reference electrodes may be provided on the top and/or bottom substrates
and/or in the gap. In various embodiments, the manipulation of droplets by a droplet actuator
may be electrode mediated, ¢.g., electrowetting mediated or diclectrophoresis mediated or
Coulombic force mediated. Examples of other methods of controlling liquid flow that may be
used in the droplet actuators of the invention include devices that induce hydrodynamic fluidic
pressure, such as those that operate on the basis of mechanical principles (e.g. external syringe
pumps, pneumatic membrane pumps, vibrating membrane pumps, vacuum devices, centrifugal
forces, piezoelectric/ultrasonic pumps and acoustic forces); electrical or magnetic principles (e.g.

clectroosmotic flow, electrokinetic pumps, ferrofluidic plugs, electrohydrodynamic pumps,
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attraction or repulsion using magnetic forces and magnetohydrodynamic pumps); thermodynamic
principles (e.g. gas bubble generation/phase-change-induced volume expansion); other kinds of
surface-wetting principles (e.g. electrowetting, and optoclectrowetting, as well as chemically,
thermally, structurally and radioactively induced surface-tension gradients); gravity; surface
tension (e.g., capillary action); electrostatic forces (e.g., electroosmotic flow); centrifugal flow
(substrate disposed on a compact disc and rotated); magnetic forces (e.g., oscillating ions causes
flow); magnetohydrodynamic forces; and vacuum or pressure differential. In certain
embodiments, combinations of two or more of the foregoing techniques may be employed in

droplet actuators of the invention.

“Droplet operation” means any manipulation of a droplet on a droplet actuator. A droplet
operation may, for example, include: loading a droplet into the droplet actuator; dispensing one or
more droplets from a source droplet; splitting, separating or dividing a droplet into two or more
droplets; transporting a droplet from one location to another in any direction; merging or
combining two or more droplets into a single droplet; diluting a droplet; mixing a droplet;
agitating a droplet; deforming a droplet; elongating or extending a droplet; retaining a droplet in
position; incubating a droplet; heating a droplet; vaporizing a droplet; cooling a droplet; disposing
of a droplet; solidifying a droplet, transporting a droplet out of a droplet actuator; other droplet

operations described herein; and/or any combination of the foregoing. The terms “merge,”

99 ¢ 99 ¢

“merging,” “combine,” “combining” and the like are used to describe the creation of one droplet
from two or more droplets. It should be understood that when such a term is used in reference to
two or more droplets, any combination of droplet operations that are sufficient to result in the
combination of the two or more droplets into one droplet may be used. For example, “merging
droplet A with droplet B,” can be achieved by transporting droplet A into contact with a
stationary droplet B, transporting droplet B into contact with a stationary droplet A, or

%

transporting droplets A and B into contact with each other. The terms “splitting,” “separating”
and “dividing” are not intended to imply any particular outcome with respect to volume of the
resulting droplets (i.e., the volume of the resulting droplets can be the same or different) or
number of resulting droplets (the number of resulting droplets may be 2, 3, 4, 5 or more). The
term “mixing” refers to droplet operations which result in more homogenous distribution of one
or more components within a droplet. Examples of “loading” droplet operations include
microdialysis loading, pressure assisted loading, robotic loading, passive loading, and pipette
loading. Droplet operations may be partially or fully electrode-mediated. In some cases, droplet

operations are further facilitated by the use of hydrophilic and/or hydrophobic regions on surfaces

and/or by physical obstacles. Droplet operations may be partially or completely magnetically
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mediated, taking advantage of magnetic properties of the droplet and/or magnetic properties of

particles or substances within the droplet.

“Filler fluid” means a liquid associated with a droplet operations substrate of a droplet actuator,
which liquid is sufficiently immiscible with a droplet phase to render the droplet phase subject to
electrode-mediated droplet operations. The filler fluid may, for example, be a low-viscosity oil,
such as silicone oil. Other examples of filler fluids are provided in International Patent
Application No. PCT/US2006/047486, entitled, “Droplet-Based Biochemistry,” filed on
December 11, 2006; International Patent Application No. PCT/US2008/072604, entitled “Use of
additives for enhancing droplet actuation,” filed on August 8, 2008; and U.S. Patent Publication
No. 20080283414, entitled “Electrowetting Devices,” filed on May 17, 2007; the entire
disclosures of which are incorporated herein by reference. The filler fluid may fill the entire gap
of the droplet actuator or may coat one or more surfaces of the droplet actuator. Filler fluid may
be conductive or non-conductive. Two or more immiscible filler fluids may be used, e.g., a three
phase system including two substantially immiscible filler fluids, which are ecach also
substantially immiscible with droplet. A filler fluid can also be a solid, such as a wax. Upon
heating the wax liquefies and permits execution of one or more droplet operations. The filler fluid
may be a material which can become a liquid with changes in temperature, pressure, electric field,

agitation, etc.

“Immobilize” with respect to magnetically responsive beads, means that the beads are
substantially restrained in position in a droplet or in filler fluid on a droplet actuator. For
example, in one embodiment, immobilized beads are sufficiently restrained in position to permit
execution of a splitting operation on a droplet, yielding one droplet with substantially all of the

beads and one droplet substantially lacking in the beads.

“Magnetically responsive” means responsive to a magnetic field. “Magnetically responsive
beads” include or are composed of magnetically responsive materials. Examples of magnetically
responsive materials include paramagnetic materials, ferromagnetic materials, ferrimagnetic
materials, and metamagnetic materials. Examples of suitable paramagnetic materials include
iron, nickel, and cobalt, as well as metal oxides, such as Fe;0,, BaFe»0;9, CoO, NiO, Mn,0s5,

Cr,05, and CoMnP.

“Target substance” means a substance that is selected for collection within and/or removal from a

source liquid. Examples include substances found in environmental samples, water samples, soil
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samples, biological samples, diagnostic samples, whole blood, lymphatic liquid, serum, plasma,
sweat, tear, saliva, sputum, cerebrospinal liquid, ammiotic liquid, seminal liquid, vaginal
excretion, serous liquid, synovial liquid, pericardial liquid, peritoneal liquid, pleural liquid,
transudates, exudates, cystic liquid, bile, urine, gastric liquid, intestinal liquid, fecal samples,
liquids containing single or multiple cells, liquids containing organelles, fluidized tissues,
fluidized organisms, liquids containing multi-celled organisms, biological swabs and biological
washes. The target substances may in some cases be waste substances or interfering substances
(e.g., substances that interfere with assays for other substances), and in some cases they may be

analytes.

“Washing” with respect to washing a bead or surface means reducing the amount and/or
concentration of one or more substances in contact with the bead or surface or exposed to the
bead or surface from a droplet in contact with the bead or surface. The reduction in the amount
and/or concentration of the substance may be partial, substantially complete, or even complete.
The substance may be any of a wide variety of substances; examples include target substances for
further analysis, and unwanted substances, such as components of a sample, contaminants, and/or
excess reagent. In some embodiments, a washing operation begins with a starting droplet in
contact with a bead or surface, where the droplet includes an initial amount and initial
concentration of a substance. The washing operation may proceed using a variety of droplet
operations. The washing operation may yield a droplet including the bead or exposed to the
surface, where the droplet has a total amount and/or concentration of the substance which is less
than the initial amount and/or concentration of the substance. Examples of suitable washing
techniques are described in Pamula et al., U.S. Patent 7,439,014, entitled “Droplet-Based Surface
Modification and Washing,” granted on October 21, 2008, the entire disclosure of which is
incorporated herein by reference. It should be noted that in any embodiment which discusses
washing of beads or surfaces, an alternative method may be performed by replacing wash
droplets with droplets including one or more target substances having affinity for the
magnetically responsive beads or surfaces. In this alternative method, the amount and/or
concentration of one or more target substances bound to the bead or surface may be increased by
successive exposure to multiple droplets including such target substances. This target substance
capture operation may yield a droplet including the bead or exposed to the surface, where the
droplet has a total amount and/or concentration of the target substance which is greater than the
initial amount and/or concentration of the substance. Similarly, the bead or surface may have a
total amount and/or concentration of the target substance which is greater than the initial amount

and/or concentration of the substance present on the bead or surface. Capture of target substance
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on a surface or bead may, in certain embodiments, be followed by a washing method, e.g., as
described above.

The terms “top,” “bottom,” “over,” “under,” and “on” are used throughout the description with
reference to the relative positions of components of the droplet actuator, such as relative positions
of top and bottom substrates of the droplet actuator. It will be appreciated that the droplet

actuator is functional regardless of its orientation in space.

When a liquid in any form (¢.g., a droplet or a continuous body, whether moving or stationary) is
described as being “on”, “at”, or “over” an electrode, array, matrix or surface, such liquid could
be either in direct contact with the electrode/array/matrix/surface, or could be in contact with one
or more layers or films that are interposed between the liquid and the

electrode/array/matrix/surface.

When a droplet is described as being “on” or “loaded on” a droplet actuator, it should be
understood that the droplet is arranged on the droplet actuator in a manner which facilitates using
the droplet actuator to conduct one or more droplet operations on the droplet, the droplet is
arranged on the droplet actuator in a manner which facilitates sensing of a property of or a signal
from the droplet, and/or the droplet has been subjected to a droplet operation on the droplet

actuator.

Brief Description of the Drawings

Figures 1A, 1B, 1C, and 1D illustrate top views of an example of a portion of a droplet actuator

and show a method of separating and washing beads using a stationary magnet.

Figures 2A, 2B, 2C, and 2D illustrate top views of an example of a portion of a droplet actuator

and show another method of separating and washing beads using a stationary magnet.

Figures 3A, 3B, 3C, 3D, and 3E illustrate top views of an example of a portion of a droplet

actuator and show another method of washing beads using a movable magnet.

Figures 4A, 4B, 4C, 4D, and 4E illustrate top views of an example of a portion of a droplet

actuator and show another method of washing beads using a movable magnet.
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Figure 5 illustrates an embodiment in which one or more steps of an assay may be performed by

using a moving magnet or a moving droplet-containing device relative to a fixed magnet.

Figure 6 illustrates an embodiment in which a magnet may be moved back and forth along a path,
and droplet operations may be used to position one or more new droplets along the magnet’s path

between each instance in which the magnet is moved across the magnet path.

Figures 7A and 7B illustrate top views of an example of a portion of a droplet actuator and show

a method of separating beads when both the magnet and droplet are stationary.

Figures 8A, 8B, 8C, and 8D illustrate top views of an ¢lectrode arrangement on a droplet actuator

and demonstrate a method of re-suspending beads into solution from a stationary magnet.

Figures 9A, 9B, and 9C illustrate side views of an example of a portion of a droplet actuator and

show and show a method of re-suspending beads into solution from a movable magnet.

Figures 10A, 10B, 10C, and 10D illustrate side views of an example of a portion of a droplet
actuator and show a method of removing beads from a droplet actuator gap 1018 of the droplet

actuator.

Figures 11A, 11B, 11C, and 11D illustrate top views of an example of a portion of a droplet
actuator and show a method of particle separation by a method of separating magnetically
responsive beads from non-magnetically responsive beads by (1) chemically aggregating the non-
magnetically responsive beads; and (2) aggregating the magnetically responsive beads using

magnetic forces.

Figures 12A and 12B illustrate a region/cross-section of droplet actuator substrate that has

recessed areas on the droplet operations surface for capturing beads.

Figure 13 is illustrative of embodiments in which a surface of divots includes a substance that has

an affinity for the bead.

Figures 14A and 14B illustrate a top view and side view, respectively, of the droplet actuator

substrate that has beads arrayed in divots.
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Figure 15 illustrates steps A, B and C of a method of arraying beads on a surface of a droplet

actuator.
Figure 16 illustrates an aspect of the invention in which a droplet actuator surface includes one or
more paths or arrays of electrodes, including certain electrodes that have surface divots for

immobilizing beads.

Figure 17 illustrates an embodiment in which a magnet is used in combination with magnetically

responsive beads in order to settle the magnetically responsive beads into the divots.

Figure 18 illustrates a side view of a partial cross-section of an embodiment in which a path or

grid of recessed areas is provided on the droplet operations surface in association with electrode.

Figure 19 illustrates a cross-section of an embodiment in which beads are loaded from a reservoir

onto a droplet actuator.

Figures 20A and 20B illustrate a bead stamping embodiment of the invention; and

Figures 21 illustrates a bead sorting embodiment of the invention that includes sieve electrodes.

Figures 22 illustrates additional aspects of a bead sorting embodiment of the invention that

includes sieve electrodes.

Figures 23 illustrates a gravity-based bead concentration technique.

Figures 24 illustrates a buoyancy-based bead concentration technique.

Figure 25 illustrates an emulsion technique making use of beads.

Description

The invention provides droplet actuators and droplet actuator techniques. Among other things,
the droplet actuators and methods are useful for manipulating beads on a droplet actuator, such as
conducting droplet operations using bead-containing droplets on a droplet actuator. For example,

beads may be manipulated on a droplet actuator in the context of executing a sample preparation

23



WO 2009/140671 PCT/US2009/044305

protocol and/or an assay protocol. An output of the methods of the invention may be beads
prepared for execution of an assay protocol. Another output of the methods of the invention may
be results of an assay protocol executed using beads. Among the methods described herein are
methods of concentrating beads in droplets, methods of washing beads, methods of suspending
beads, methods of separating beads, methods of localizing beads within a droplet, methods of
forming emulsions in which droplets include beads, methods of loading beads into a droplet
operations gap of a droplet actuator, methods of organizing beads in a monolayer, and methods of

capturing, trapping or restraining beads.

The methods of the invention may be optimized by adjusting properties of the system, including
for example, interfacial tension of the droplet, magnetic bead properties and concentration, and
pull force of the magnet exerted on the magnetically responsive beads. Certain methods of the
invention may make use of magnets that are held in a stationary position, while bead-containing
droplets and/or wash droplets are transported into and/or out of magnetic fields. Other methods
of the invention may provide bead-containing droplets and/or wash droplets that are held in a
stationary position, while movable magnets are used for manipulating the beads. Additionally,
various combinations of low and high interfacial tension fluids, as well as methods of changing

interfacial tension are used.

6.1 Separating and/or Washing Beads

Figures 1A-1D illustrate top views of an electrode arrangement 100 on a droplet actuator. The
figures illustrate a method of separating beads from a bead-containing droplet and washing the
beads. The method makes use of a stationary magnet arranged to retain beads as a bead-
containing droplet is transported away from the magnetic field. Bead-containing droplets and
wash droplets are transported into and out of the magnet field of the magnet using droplet

operations mediated by electrodes.

A droplet actuator may include an arrangement of droplet operations electrodes 100 (e.g.,
electrowetting electrodes). Shown in Figure 1 as a linear path of electrodes, any arrangement is
suitable which is configured to conduct one or more droplet operations on a droplet operations
surface of the droplet actuator. Magnet 114 is arranged in sufficient proximity to droplet
operations electrodes 100 and the droplet operations surface in order to produce a magnetic field
which will immobilize, substantially immobilize or otherwise restrain movement of magnetically

responsive beads in a droplet on the droplet operations surface. As shown, magnet 114 is
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arranged such that the magnetic field will immobilize or substantially immobilize or otherwise
restrain movement of magnetically responsive beads atop a certain droplet operations electrode
110 (e.g., droplet operations electrode 110M). As with other magnets described herein, magnet
114 may be any device which emits a suitable magnetic field, such as a permanent magnet or
electromagnet. Droplet actuator may include a droplet 118 on a droplet operations surface that

may be subjected to droplet operations (e.g., transported) using droplet operations electrodes 100.

Droplet 118 may be formed using a buffer having an interfacial tension which is sufficiently low
to permit magnetic beads 122 to remain behind atop magnet 114 when bead-containing droplet
118 is transported away from magnet 114. The transporting away may be mediated by the
clectrodes, e.g., by electrowetting-mediated or dielectrophoresis-mediated droplet operations. In
order to enhance the “snapping off” of beads from a droplet that is being transported away from
magnetically restrained beads, higher surfactant concentrations may be used. The magnetic bead

concentration and the pull force of the magnet may be relatively high.

In general, the following parameters may be adjusted so that transport of a magnetically
responsive bead-containing droplet away from the magnetic field will leave behind a highly
concentrated droplet including the magnetically responsive beads, which is essentially snapped
off as the bead-containing droplet moves away from the magnetic field: interfacial tension of the
droplet, magnetic bead properties and concentration, and pull force of the magnet exerted on the
magnetically responsive beads. For example, the surfactant may be Tween 20, and the
concentration of Tween 20 may range from about 0.02% to about 0.1%. Of course, the required
concentration will vary depending on the surfactant type. The desired interfacial tension range
may typically be in the range of about 1 dynes/cm to about 4 dynes/cm. The magnetic bead
concentration range is typically from about 10 mg/mL to about 30 mg/mL. Pull force of the
magnet may typically range from about 5 lbs to about 100 1bs.

Droplet 118 may include one or more beads 122. Beads 122 may be magnetically responsive
beads. Beads 122 may include one or more target substances adhered thereto. In some cases,
droplet 118 includes a liquid having an interfacial tension that is sufficiently low that beads 122

remain behind when droplet 118 is transported away from electrode 110M.

The following steps are illustrative of a method of separating beads from a droplet and washing

the beads:
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In Figure 1A, bead-containing droplet 118 with magnetically responsive beads 122 is positioned
at droplet operations electrode 110M. Magnetically responsive beads 122 are attracted to magnet

114. Electrode 110M may or may not be activated.

In Figure 1B, droplet 118 is transported using droplet operations away from droplet operations
electrode 110M and onto an adjacent activated droplet operations electrode 110, which is
activated. Electrode 110M is deactivated and the adjacent activated droplet operations electrode
110 is activated to cause transport of droplet 118 onto the adjacent activated electrode. As
droplet 118 moves away from droplet operations electrode 110M onto the adjacent activated
electrode 110, a concentration of beads 122 is formed at the side of droplet 118 that is closest to
magnet 114. As droplet 118 is transported away from magnet 114, sub-droplet 126 including the
magnetically restrained beads 122 breaks away from droplet 118. The transporting of droplet 118

may be electrode mediated, e.g., electrowetting mediated and/or dielectrophoresis mediated.

In some embodiments, the droplet includes a quantity of magnetically responsive beads to cause
the beads to break away from the droplet and immobilize on the electrode atop the magnet. This
phenomenon may occur when the droplet is brought into the vicinity of the magnetic field. It is
not necessary for the bead droplet to traverse the length of the magnet. In a related embodiment,
two or more droplets, each including a low concentration of magnetic beads may be merged
together to yield a droplet a sufficiently quantity of magnetically responsive beads to cause the
beads to break away from the droplet and immobilize on the electrode atop the magnet. For
example, the two or more droplets may be combined on the electrode which has the maximum
magnetic gradient. The increased quantity of magnetic beads may break away from the droplet,
e.g., when the droplet is transported away from the magnet. The transporting away from the

magnet may be conducted using, for example, droplet operations mediated by electrodes.

Figure 1C shows droplet 118 transported using droplet operations further away from droplet
operations electrode 110M to another droplet operations electrode 110. The concentration of
beads 122 in droplet 126 has broken away or “snapped off” from droplet 118. This breaking
away of the small sub-droplet occurs because of (1) the magnetically restrained concentration of
beads 122 at one side of droplet 118, (2) the low interfacial tension of droplet 118, and (3) a
suitably strong magnetic force that is provided by magnet 114, which is attracting beads 122.
When beads 122 snap off of droplet 118, a relatively small and highly concentrated bead-
containing droplet 126 remains behind at droplet operations electrode 110M and held in place or

restrained by magnet 114, The volume of bead-containing droplet 126 is typically just large
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enough to encapsulate beads 122. For example, bead-containing droplet 126 may be from about
1/5th to about 1/20th the volume of the original droplet 118, depending on the concentration of
beads 122. Beads 122 are separated from the original bead-containing droplet 118 to form a
substantially bead-free droplet 118.

Figure 1D illustrates a bead washing step in which one or more wash droplets 128 is/are
transported into contact with bead-containing droplet 126. Each wash droplet 128 merges with
and dilute the contents of bead-containing droplet 126. One or more of such wash droplets 128
may merge with bead-containing droplet 126, yielding a 1X, 2X, 3X, or larger droplet. As
described above with respect to droplet 118, the merged droplet (not shown) is then transported
away from beads 122, leaving behind a bead-containing droplet 126. This bead-containing
droplet 126 may have a reduced amount and/or concentration of one or more substances in
contact with beads 122 or exposed to beads 122 from the liquid portion of droplet 126. The
merge and split operations are facilitated by selection of a low interfacial tension of wash droplets
126 relative to the magnetic attraction between magnet 114 and beads 122 at droplet operations

electrode 110M.

This method of bead washing is particularly effective because a large amount of the initial droplet
is removed in the first step, leaving only a small amount of the initial droplet to be washed away
using, for example, a merge-and-split droplet washing protocol. In this method of the invention,
an effective bead washing operation of the beads 122 within bead-containing droplet 126 is
provided by use of, for example, 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 wash droplets 128 only. This is a
significant improvement over existing bead washing methods that may require many more droplet
operations to achieve the same washing effectiveness. Thus, for example, in one embodiment,
the method of the invention removes about 95, 96, 97, 98, 99, 99, 99.9, 99.99, 99.999, 99.9999, or
99.99999 percent of unwanted molecules in the droplet surrounding beads by use of only 10, 9, &,
7,6,5,4,3,2 or 1 wash droplets.

In a related embodiment, the inventors have discovered that the snapping off of magnetically
responsive beads may be controlled by controlling the shape of a droplet. As an example, beads
in a droplet in a droplet operations gap may snap off in the presence of a magnet when the droplet
is permitted to take on an energetically favorable shape, given the forces within the gap acting on
the droplet, such as interfacial tension and capillary forces. Snapping off may occur, for example,
when the size of the droplet is larger than the size or number of electrodes that are controlling the

droplet or when no electrodes are controlling the droplet. The droplet may be stationary in the
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vicinity of the magnet or may be undergoing a droplet operation, such as transported away from
the magnet, when the snapping off occurs. To illustrate, all other parameters being equal, a 2X
droplet may be provided in which the beads will snap off from the droplet when it is subjected to
clectrowetting by a single (1X) electrode, but will not snap off from the droplet when it is
subjected to electrowetting by two such electrodes. Similarly, droplet may be provided in which
the beads will not snap off from the droplet when it is subjected to electrowetting by an electrode
that has a certain footprint that is sufficiently close to the footprint of the droplet, but will snap off
from the droplet when it is subjected to electrowetting by an electrode having a smaller footprint.
Depending on the size of the one or more electrodes acting on the droplet, the electrowetting
force may dominate the magnetic force, and the magnetically responsive beads will be retained in
the droplet; or vice versa, the magnetic force may dominate the electrowetting force, and the

magnetically responsive beads will be removed from the droplet.

Figures 2A-2D illustrate top views of an electrode arrangement 100 on a droplet actuator. The
figures illustrate a method of separating beads from a bead-containing droplet and washing the
beads. The method is similar to the method described above with respect to Figures 1A-1E,
except that, droplets 118 are replaced with an e¢longated droplet or droplet 130. Droplet 118
illustrated Figures 1A, 1B, 1C, and 1D is approximately a 1X droplet, meaning that its footprint is
similar to or approximately equal to the area of one droplet operations electrode 110. Droplet 130
of Figures 2A, 2B, 2C, and 2D is a 3X droplet, meaning that its footprint is approximately 3 times
the area of one droplet operations electrode 110. Like droplet 118, droplet 130 may be formed of
low interfacial tension wash liquid. Droplet 130 is not limited to being a 3X droplet; any suitably

sized slug may be used, ¢.g., 2X, 3X, 4X, 5X, or larger.

Figures 2A, 2B, and 2C show a method of separating beads 122 from droplet 130. A highly
concentrated bead-containing droplet 126 remains at droplet operations electrode 110M. Droplet
126 is essentially restrained from being transported due to the influence of the magnetic field of
magnet 114 on beads 122. A substantially bead-free droplet 130 is also formed when the beads
break away from the parent droplet to form droplet 126. The effect can be enhanced by
increasing the bead concentration or bead mass within a droplet, ¢.g., by merging several droplets
with a low mass of magnetic beads to increase the mass of magnetic beads as described

previously.

Figure 2D shows a process of washing beads in bead-containing droplet 126. The process is

analogous to the washing process described with respect to Figure 1D, except that droplet 130 is a
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3X droplet. The elongated wash droplets 130 are particularly effective in washing away unbound
materials because, among other things, large dilution factors can be achieved by diluting the

unbound materials using fewer washes when compared to washing with a 1X droplet.

As compared with existing bead washing techniques, the number of droplet operations required
for effective washing is significantly reduced. Thus, for example, in one embodiment, the
method of the invention removes about 95, 96, 97, 98, 99, 99, 99.9, 99.99, 99.999, 99.9999, or
99.99999 percent of unwanted molecules in the droplet surrounding in the bead-containing
droplet in a method that makes use of 10,9, 8, 7, 6, 5, 4, 3, 2 or 1 wash droplets, where each wash
dropletis a 1X, 2X, 3X, 4X, 5X, or larger wash droplet.

Figures 3A-3E illustrate top views of an electrode arrangement 100 of droplet actuator of Figures
1A through 1D and show a method of washing beads using a movable magnet. “Movement” of
the magnet, as discussed herein, is relative to the droplets arranged on the droplet actuator. It will
be appreciated that either the magnet or the droplet actuator or both may be the moving part.
Thus, the movable magnet may actually be in a fixed position, and the droplet actuator may be
moved; the droplet actuator may be in a fixed position, and the magnet may be moved; or both
the droplet actuator and the magnet may be moved. In this and other moveable magnet
embodiments, the moveable magnet may, for example, be located above the top substrate, below
the bottom substrate, in a groove or slot within or partially within the top substrate and/or bottom
substrate, and/or in the droplet operations gap. Further, in an alternative embodiment, the
moveable magnet may be replaced with a series of electromagnets that may be switched on/off in
series, so as to pass the magnetically responsive beads from magnet-to-magnet. As with the
examples already discussed, parameters such as interfacial tension of the droplet, magnetic bead
properties and concentration, and pull force of the magnet exerted on the magnetically responsive
beads, may be adjusted to facilitate or optimize the operations described. Where a moving
magnet is used with stationary droplets, any means for forcing droplets to remain substantially in
position during washing may be employed. For example, the droplets may be held stationary by

electrowetting, dielectrophoresis and/or capillary forces.

As illustrated in Figures 3A-3E, magnet 114 is movable relative to droplet operations electrodes
100. Magnet 114 is movable along the path of droplet operations electrode arrangement 100. As
magnet 114 moves along the path of droplet operations electrode arrangement 100, beads 122 are
pulled by the magnetic force of magnet 114 through wash droplet 130. Further, in some cases,
beads 122 may be pulled out of droplet 130 to form a sub-droplet 326 including substantially all
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of beads 122. Droplet 130 is positioned relative to magnet 114 using droplet operations atop
three of the droplet operations electrodes in electrode arrangement 100. Droplet 130 may be
retained in place atop these droplet operations electrodes 100 or moved as beads 122 pass through

droplet 130.

In another embodiment, droplet can be moved in the forward direction while the magnet is moved
in the opposite direction. This ensures effective removal of the unbound material in less time
when compared to washing using a stationary droplet or a stationary magnet. In another
embodiment, both droplet and the magnet can be moved in the forward direction, with one of
them moving faster than the other. This approach may improve washing efficiency by enhancing
resuspension of magnetic beads within the droplet and improving removal of unbound material

trapped within the interstices of the magnetic beads.

The following steps illustrate a method of washing the beads and separating beads from a droplet:

Figure 3A shows bead-containing droplet 126 restrained in place atop an electrode of electrode
path 100 by the magnetic field of magnet 114. Beads 122 of bead-containing droplet 126 are the
target of the wash operation. Droplet 130 is also provided on the electrode path 100. Droplet 130
may be a wash droplet, or in alternative embodiments, may be a droplet including a target

substance having affinity for beads 122.

Figure 3B shows droplet 126 pulled along electrode arrangement 100 by magnet 114 into contact
with droplet 130 and merging with droplet 130 to initiate the wash operation. Beads 122 are thus
exposed to wash droplet 130.

Figures 3C and 3D show magnet 114 moved further along electrode arrangement 100, pulling
beads 122 through the length of elongated droplet 130.

Figure 3E shows magnet 114 moved further along electrode arrangement 100, pulling beads 122
out of droplet 130. Droplet 326 is formed including substantially all of magnetically responsive
beads 122. This step illustrates how beads may be pulled out of the droplet by moving the
magnet. The droplet split operation may enhanced by providing droplet 130 with an appropriate
interfacial tension which allows beads 122 to be easily extracted from droplet 130 using the

magnetic force of magnet 114.
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In one embodiment, the method of the invention removes about 95, 96, 97, 98, 99, 99, 99.9,
99.99, 99.999, 99.9999, or 99.99999 percent of unwanted molecules in the droplet surrounding
beads by use of only 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 wash droplets, where the wash droplet is a 1X,
2X, 3X, 4X, or 5X wash droplet, and a magnet is used to move the beads through the one or more
wash droplets or a combination of magnet movement and wash droplet movement is used to wash

the beads.

Figures 4A-4E illustrate a method of the invention in which the bead-containing droplets and/or
wash droplets are held in a stationary position, while movable magnets are used for manipulating
the beads. The steps shown in Figures 4A through 4E are substantially the same as those that are
described in Figures 3A through 3E except that, instead of washing beads 122 using, for example,
a 3X slug of liquid, multiple stationary 1X wash droplets are used. Droplet 130 of Figures 3A
through 3E is replaced with multiple stationary wash droplets 128, which are low interfacial
tension wash liquid, such as low interfacial tension supernatant. Magnet 114, which is holding a
concentration of beads 122 or bead-containing droplet 126, may be moved in a direction which is
along droplet operations electrodes 100. In doing so, a droplet merge and split operation occurs
at cach encounter with a wash droplet 128. With each encounter with a wash droplet 128, beads
122 experience a washing event. These droplet merge and split operations are enhanced by the
low interfacial tension of each wash droplet 128, which is selected to allow beads 122 to be easily
introduced into and extracted from each wash droplet 128 using the magnetic force of magnet
114. In another embodiment, both the magnet and the wash droplets can be moved in opposite

directions enhancing the wash efficiency and reducing the total time for washing.

Figure 5 illustrates an embodiment in which one or more steps of an assay may be performed by
using a moving magnet or a moving droplet-containing device relative to a fixed magnet. In this
approach, the magnetically responsive beads may be moved by a magnet through a series of
droplets that include one or more sample droplets and reagent droplets in accordance with an
assay protocol. The figure illustrates a configuration 500 of electrodes 505 arranged to mediate
droplet operations on a droplet operations substrate of a droplet actuator. Droplet 510 including
magnetically responsive beads 522 is positioned on the droplet operations surface. A magnet 515
is associated with the droplet operations substrate in a manner which enables magnet 515 to
attract magnetically responsive beads 522 in droplet 515 on the droplet operations surface.
Magnet 515 is moveable along a path 520. As illustrated, path 520 generally coincides with a
path of electrodes 505. One or more sample and/or reagent droplets 530 are disposed atop

electrodes 505 and subject to one or more droplet operations mediated by electrodes 505. In

31



WO 2009/140671 PCT/US2009/044305

operation, magnet 515 may be moved through droplets 530 to conduct steps of an assay. Magnet
515 may, in one embodiment, be moved linearly through droplets 530 to conduct the assay. In
another embodiment, magnet 515 may be moved back and forth at one or more points in the path
through droplets 530, e.g., to agitate beads 522 in the sample droplet to effect greater capture of
sample material, and/or in a wash droplet to increase the effectiveness of washing. As illustrated,
the path through droplets 530 is one-dimensional; however, it will be appreciated that the path
may be 2-dimensional or even three dimensional. In one embodiment, the path is a loop, such as
a circular loop. In another embodiment, the path is a spiral. The path may or may not be aligned
with a corresponding path of electrodes. In one embodiment, for example, the path intersects
multiple electrode paths but does not itself follow an electrode path. Electrode configuration 500
may be part of a larger electrode configuration on a droplet actuator, which may be used to

position droplets using electrode-mediated droplet operations.

As an example of an immunoassay may be performed in which beads are pulled using a magnet
through multiple droplets is an immunoassay. In one non-limiting example, the immunoassay
may be a sandwich ELISA, in which a magnet is used to pull a droplet through a series of

droplets as follows:

- one or more sample droplets to capture the target substance,

- or more wash droplets to remove unbound substances,

- one or more droplets including primary antibodies that bind specifically to the target

substance,

- one or more droplets including enzyme-linked secondary antibodies specific to the primary

antibodies,

- one or more droplets that include the chemical which is converted by the enzyme to produce

a signal, such as a fluorescent, luminescent or electrochemical signal.

In a similar embodiment, the interfacial tension of the droplet, bead properties and concentration
are adjusted to permit an immunoassay to be performed using gravity to pull beads through the
droplets. In this embodiment, reagents may be provided in a tube or column separated by an

immiscible liquid. A sample may be injected into the top of the tube. Beads may be added to the

32



WO 2009/140671 PCT/US2009/044305

sample and permitted to settle, dropping through the sample and the various reagent droplet. A
signal from the beads may be detected. The beads may be made of a dense material, such as

copper, lead or another heavy metal.

Figure 6 illustrates an embodiment that is similar to the embodiment illustrated in Figure 5. In
the Figure 5 embodiment, the magnetically responsive beads may be moved by a magnet through
a series of droplets positioned on a droplet actuator surface along a path that corresponds with the
path of a magnet; in the Figure 6 embodiment, the magnet may be moved back and forth along a
path, and droplet operations may be used to position one or more new droplets along the magnet’s
path between each instance in which the magnet is moved across the magnet path. It will be
appreciated that in various alternative embodiments, the magnet may be moved along paths that
do not follow electrode paths, e.g., the magnet may move along a path that intersects one or more

electrode paths and/or travels along segments of one or more electrode paths.

As illustrated, a configuration 600 of electrodes 605 arranged to mediate droplet operations on a
droplet operations substrate of a droplet actuator. Droplet 615 including magnetically responsive
beads 622 is positioned on the droplet operations surface. A magnet 610 is associated with the
droplet operations substrate in a manner which enables magnet 610 to attract magnetically
responsive beads 622 in droplet 615 on the droplet operations surface. Magnet 610 is moveable
along a path 620. As illustrated, path 620 generally coincides with an electrode path 625. A
region 621 of path 620 is outside the path of electrodes. Region 621 may be configured to permit
magnet 610 to be moved a sufficient distance from path 625 and nearby electrodes so that one or
more magnetically responsive bead-containing droplets may be transported on path 625 and
nearby electrodes without undue interference from magnet 610. Electrode configuration 600 is
associated with one or more sample & reagent supplies 635, such as on-actuator or off-actuator
liquid reservoirs. Droplets 630 may be dispensed from sample and reagent supplies 635 and
transported using droplet operations onto electrode path 625, which is in the path 620 of magnet
610. A detection window 640 or other detector may be provided for detection of a signal from or

property of a droplet on the droplet actuator.

In operation, one or more first droplets 630 may be transported using droplet operations onto
electrode path 625. Magnet 610 may be moved along path 620 in an A-to-B direction through the
one or more first droplets 630 to effect a first step in an assay. First droplets 630 may be removed
from path 625 and transported using one or more droplet operations to waste or to downstream

processing. One or more second droplets 630 may be transported using droplet operations onto
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electrode path 625. Magnet 610 may be moved along path 620 in a B-to-A direction through the
one or more second droplets 630 to effect a second step in an assay. Second droplets 630 may be
removed from path 625 and transported using one or more droplet operations to waste or to
downstream processing 650. This process may be repeated until the assay is complete. A droplet
emitting a detectable sample may be transported into detection window 640 and/or into contact
with or proximity to a sensor using magnet 610 and/or using droplet operations. A sensor may be
used to sense one or more properties of the droplet, and results of the sensing may be used to
provide assay results. In one embodiment, a detection droplet including a detection reagent is
positioned using a magnetic field in a detection window, and beads ready for detection are moved
into the detection window and into the detection droplet. Following detection, the detection
droplet may be transported via droplet operations mediated by the electrodes to waste or further

downstream processing.

In another similar embodiment, a mixture of magnetic beads each labeled with different target
antibodies specific to a particular analyte can be moved through several sample droplets to
effectively bind the analytes to the target antibodies. Incubation can be improved by shuttling the
mixture of magnetic beads through the sample droplets several times in order to ensure that all the
analyte is captured. The sample may, for example, be a single large slug spanning several
clectrodes or several unit sized droplets. In another similar embodiment, different sets of
magnetic beads each labeled with a set of target antibodies specific to a particular analyte are
immobilized at different electrodes on the droplet actuator which are held stationary. A sample
droplet containing a mixture of “n” analytes is passed through the droplets containing different
bead sets. The supernatant from the first bead set would contain “n minus 17 analytes which is the
sample droplet for the second bead set. Similarly the supernatant from the second bead set would

have “n minus 2” analytes and so on.

Figures 7A and 7B illustrate top views of an electrode arrangement 100 on a droplet actuator and
demonstrate another method of removing beads from a droplet. In this embodiment, the
interfacial tension of bead-containing droplet 118, magnetic bead 122 properties and
concentration, and pull force of magnet 114 exerted on magnetically responsive beads 122 are
selected to cause beads 122 to be pulled out of droplet 118 as droplet 118 approaches magnet 114.
Figure 7A shows that as droplet 118 is transported using droplet operations along eclectrode
arrangement 100 into proximity with magnet 114, magnetically responsive beads are attracted by

the magnetic field of magnet 110.  Figure 7B shows droplet 118 substantially lacking in
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magnetically responsive beads 122, which have been pulled out of droplet 118 and are resting

atop magnet 114.

As with other examples using magnets described herein, magnet 114 may be a permanent magnet,
an electromagnet, or any other magnetic field generating substance or device. An electromagnet
may be activated to pull beads 122 out of droplet 118. A permanent magnet may pull beads
beads 122 out of droplet 118 when the droplet and permanent magnet are moved into sufficient

proximity with one another, by moving the droplet, the permanent magnet, or both.

In another embodiment, a droplet is provided with magnetically responsive beads in the presence
of a magnetic field. The droplet has sufficiently high interfacial tension to retain the beads in the
droplet. In other words, the bead-retaining force of the interfacial tension is greater than the
bead-attracting force of the magnet on the beads, thereby retaining the beads in the droplet. A
low interfacial tension droplet may be merged with the bead-containing droplet, causing the
interfacial tension of the bead-containing droplet to decrease to a point at which the bead-
retaining force of the interfacial tension is less than the bead-attracting force of the magnet on the
beads, thereby causing the beads to break away from the droplet. In another embodiment, the
temperature of the droplet can be increased which further reduces the interfacial tension of the
droplet facilitating snapping off the beads from the droplet as the droplet is brought in the vicinity
of the magnetic field. In another embodiment, the magnet could be a stationary electromagnet,

and the magnetic field could be dynamically varied to ensure the snapping of the magnetic beads.

6.2 Re-suspending Beads

Figures 8A-8D illustrate top views of an electrode arrangement 100 on a droplet actuator and
demonstrate a method of re-suspending beads into solution from a stationary magnet. In this
embodiment, the interfacial tension of droplet 810, magnetic bead 122 properties and
concentration, and pull force of magnet 114 exerted on magnetically responsive beads 122 are
selected to permit droplet 810 to merge with bead-containing droplet 126 and pull beads 122
away from magnet 114. The parameters are adjusted so that the interfacial tension of droplet 812
is greater than the bead-attracting force of magnet 114 on beads 122 retaining the magnetic beads

within the droplet.

Figure 8A shows droplet 810 positioned on electrode arrangement 100 and a bead-containing

droplet 126 positioned atop electrode 110M. Bead-containing droplet 126 is retained in position
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by electrowetting or any other means, while the beads are immobilized by the magnetic field of
magnet 114, Figure 8B shows droplet 810 transported via droplet operations mediated by
electrodes of electrode configuration 110 into contact with and merged with bead-containing
droplet 126 yielding merged droplet 812. Figure 8C shows droplet 812 being transported using
droplet operations away from electrode 110M. Because droplet 810 is formed of a relatively high
interfacial tension liquid, the interfacial tension of droplet 812 overcomes the pull on beads 122
of the magnetic field, permitting beads 122 to be transported away from magnet 114. Figure 8D
shows droplet 812 with beads 122 transported away from electrode 110M.

In general, the following parameters may be adjusted so that transport of a magnetically
responsive bead-containing droplet away from the magnetic field will move the magnetically
responsive beads away from the magnetic field: interfacial tension of the droplet, magnetic bead
properties and concentration, and pull force of the magnet exerted on the magnetically responsive
beads. For example, the surfactant may be Tween 20, and the concentration of Tween 20 may
greater than about 0.02%. Of course, the required concentration will vary depending on the
surfactant type. The desired interfacial tension range may be greater than about 4 dynes/cm.
The magnetic bead concentration range is typically from about 10 mg/mL to about 30 mg/mL.
Pull force of the magnet may typically range from about 5 Ibs to about 100 lbs. In one
embodiment, the buffer may include 0.05M Tris HCI, 0.1M NacCl, 0.1mg/mL. BSA and about
0.02% Tween 20.

Figures 9A-9C illustrate side views of a section 900 of a droplet actuator. Section 900 shows
bottom substrate 910 separated from a top substrate 914 by droplet operations gap 918. Magnet
114 is associated with bottom substrate 910. In Figure 9A, droplet 930 is positioned in droplet
operations gap 918 atop an electrode of electrode arrangement 922, and a bead-containing droplet
126 including beads 122 is positioned atop another one of the electrodes of electrode arrangement
922. Droplet 126 has a footprint which is smaller than the footprint of the underlying electrode,
and is held in place by the magnetic attraction of magnet 114 for beads 122. In Figure 9B,
droplet 930 has been transported into contact with and merged with droplet 126 to form merged
droplet 931, and magnet 114 is being moved away from magnetically responsive beads 122 to
release magnetically responsive beads 122 from the magnetic field. Figure 9C shows beads 122

resuspended in droplet 931 and transported along electrode path 922.

In another embodiment, a change in magnetic field gradient may be provided at droplet

operations electrode 922M by tilting magnet 114. In yet another embodiment, magnet 114 may
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be a stationary electromagnet that may be turned off and on for controlling the amount of
magnetic force that is present at droplet operations electrode 922M. In yet another embodiment,
a moveable magnetic shield may be interposed between magnet 114 and beads 122 to release

beads 122 into droplet 931.

Figures 10A-10D illustrate side views of a section 1000 of a droplet actuator and a method of
removing beads from a droplet actuator gap 1018 of the droplet actuator. Section 1000 includes
bottom substrate 1010 separated from top substrate 1014 by droplet operations gap 1018. An
electrode arrangement 1026 is associated with bottom substrate 1010 and configured to mediate
droplet operations in droplet operations gap 1018. Reservoir electrode 1022 is included in
electrode arrangement 1026. As with other examples described herein employing two substrates
separated to form a droplet operations gap, the electrode arrangement may include any
arrangement suitable for conducting droplet operations in the droplet operations gap, e.g.,
clectrodes associated with the top substrate, the bottom substrate, between the substrates, and
combinations of the foregoing. Further, as with other embodiments making use of a droplet
operations gap, the gap may be partially or completely filled with a filler fluid that is substantially
immiscible with droplets subject to droplet operations in the gap. In the embodiment illustrated
here, top substrate 1014 includes an opening 1040 providing a liquid path from within droplet
operations gap 1018 to a locus which is exterior to droplet operations gap 1018. Section 1000
also shows a quantity of droplet 1030 atop reservoir electrode 1022, exposed to or extending into

opening 1040.

In the non-limiting example illustrated, opening 1040 is located across droplet operations gap
from reservoir electrode 1022. Opening 1040 may be generally centrally aligned with
electrode1022. Electrode 1022 may, when activated, determine the approximate footprint of
droplet 1030. Opening 1040 may be arranged relative to the approximate footprint of droplet
1030 to provide a relatively direct path to magnet 114 from any location within droplet 1030.
The dimensions of opening 1040 may be modified to facilitate movement of beads from any
location within droplet 1030 to magnet 114. For example, opening 1040 may have the shape of'a
cross-section of an inverted cone. Moreover, in various embodiments, two or more openings
1030 may be provided in substrate 1014. In one example, the openings are arranged in the
footprint of a multiwall plate.  Corresponding magnets or magnetic field generating

configurations may also be provided.
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As illustrated, magnet 114 is movable relative to the opening in top substrate 1014. Magnet 114
may, for example, be robotically controlled. In one embodiment, magnet 114 is an
electromagnet, so that its magnetic force may be turned off and on. Pollack et al., International
Patent App. No. PCT/US09/36449, entitled “Reagent and Sample Preparation and Loading on a
Fluidic Device,” filed on March 9, 2009, incorporated herein by reference, describes certain
magnetic devices and droplet actuators suitable for execution of the methods described herein. In
operation, magnet 114 may be used to remove magnetically responsive beads from and/or
introduce magnetically responsive beads into a droplet actuator using a movable magnet, ¢.g.,

using the following steps:

Figure 10A illustrates beads 122 in the absence of a magnetic field are suspended within droplet
1030 at electrode 1022. Figure 10B shows magnet 114 placed in sufficient proximity to the
opening 1040 in top substrate 1014 to cause beads 122 within droplet 1030 to be attracted to
magnet 114. A concentration of beads 122 is formed on magnet 114 at the opening in top
substrate 1014. Figure 10C shows magnet 114, which is still activated, moved away from the
opening in top substrate 1014. Beads 122 are lifted out of droplet 1030, usually surrounded by
some residual liquid, and carried away by magnet 114. In this manner, beads 122 may be
removed from droplet actuator. The interfacial tension of droplet 1030 may, in some cases, be
adjusted to a interfacial tension that permits beads 122 to be easily extracted from droplet 1030
with minimal loss of liquid from droplet 1030. In one embodiment, the droplet actuator is used to
prepare beads for analysis, e.g., by conducting one or more steps of a sample preparation protocol
and/or an immunoassay, and beads are removed as described here and deposited in another

instrument to complete the analysis.

Figure 10D shows placement of beads 122 into opening 1040 so that the beads may be released
into droplet 1030 in droplet actuator gap 1018. Magnet 114, which is still activated, is
repositioned in close proximity to the opening in top substrate 1014 (which may be the same
opening from which the beads are extracted or a different opening). Beads 122 that are
concentrated on the surface of magnet 114 are brought into contact with droplet 1030.
Subsequently, magnet 114 may be deactivated, thereby releasing beads 122 into droplet 1030.
Alternatively, beads 122 may be introduced into another region of droplet operations gap 1018,
into another reservoir in fluid communication with droplet operations gap 1018, into a reservoir
or droplet operations gap of another droplet actuator, or into another analytical or bead-handling
handing device altogether. The introduction of beads 122 into droplet 1030 is enhanced by

selecting a relatively low interfacial tension for droplet 1030, allowing beads 122 to be easily
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introduced. When introducing beads from a magnet which is not an electromagnet, it may be
helpful to increase the interfacial tension of the droplet into which the beads are introduced in
order to permit the interfacial tension of the droplet to overcome the forces of the magnet thereby

retaining the beads in the droplet when the magnet is moved away.

In another embodiment, a droplet containing magnetically responsive beads can be transported to
an electrode which is aligned with an opening in the top substrate. A droplet at the electrode
may be fluidly connected to an off-actuator reservoir including a large volume of wash buffer. In
this manner, the beads may be effectively contacted with a large volume of wash buffer. The
unbound materials may thus be instantly diluted by several orders of magnitude. The electrode
may be repeatedly activated and deactivated to mix the beads with liquid in the reservoir, thereby
enhancing dilution and washing. In this and other embodiments in which there are openings in
the top substrate leading to external reservoirs, the openings may be arrayed in a typical multi-

well plate pattern, such as a 96-well, 384-well or a 1536-well plate pitch.

In another embodiment, the magnetically responsive beads may be extracted from a droplet
actuator and transported to another droplet actuator using a moving magnet. The droplet actuator
may have a droplet operations gap which is at least partially filled with filler fluid. The magnetic
beads may be placed in an opening in the top plate using the moving magnet. The magnetically
responsive beads may be resuspended using a buffer, such as a wash buffer. The magnetically
responsive beads may be dispensed in droplets using electrode mediated droplet operations, such
as electrowetting or dielectrophoresis mediated droplet operations. This technique may be useful
for processing large numbers of samples, such as physiological fluids, where the analyte of
interest may be captured from a large volume onto the surface of magnetic beads. The magnetic
beads with the analyte of interest can be transferred into another droplet actuator using the
process. The magnetic beads with the analyte of interest can be subjected to further analysis in the

second droplet actuator.

In another similar embodiment, different sets of magnetic beads immobilized at different
locations in a droplet actuator can be stamped or otherwise deposited into wells of a multi-well
plate through openings in the top plate which coincide with the wells in the multi-well plate. The
multi-well plate with magnetic beads in different wells can be used for further processing.
Magnetic bead content, magnetic bead properties, interfacial tension and magnetic pull force,
and/or properties of the surface of the multi-well plate may be adjusted as needed to achieve the

stamping or deposition.
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6.3 Bead Separation

One approach to multiplexing assays, such as immunoassays, within a single droplet involves the
use of multiple different types of beads within the same droplet. For example, different types of
beads may be coated with different antibodies or different analytes. The mixture of beads may,
for example, include magnetic/non magnetic, charged/uncharged, heavy/light, or dense or
buoyant beads. During assay protocols, it may be useful to separate such beads. For example, in
an immunoassay, following the binding of the antibodies and antigens to beads, each type of bead
may be separated from the mixture. In one embodiment, separation is achieved by using a

combination of effects.

Magnetically responsive beads can be immobilized or trapped using a magnetic field, while
magnetically non-responsive beads are transported away in the droplet or split off from a parent
droplet to yield a sub-droplet including the magnetically responsive beads and a droplet including
the magnetically non-responsive beads. In one embodiment, a parent droplet including
magnetically responsive beads is provided in the presence of a magnetic field, the parent droplet
also including beads that are substantially non-responsive to a magnetic field. The magnetic field
immobilizes the magnetically responsive beads. The droplet is elongated and split to yield two or
more daughter droplets, one set of one or more daughter droplets including substantially all of the
magnetic beads, and another set of one or more daughter droplets including magnetically non-

responsive beads and substantially lacking magnetically responsive beads.

Magnetically non-responsive beads can be retained using a physical barrier within the droplet
actuator arranged to retain beads while a droplet is transported past the barrier, e.g., as described
in Thwar, et al., International Patent Pub. No. W(02009/029561, entitled “Bead Manipulations on
a Droplet Actuator,” published on March 5, 2009, the entire disclosure of which is incorporated

herein by reference.

Dense beads can be separated as described with reference to Figure 23. For example, they can be
regionalized within the droplet by positioning the droplet actuator a slight angle relative to
gravitational force or even by placing the droplet actuator in a substantially vertical position, as

described above.

Buoyant beads can be separated as described with reference to Figure 24. Further, they can be

floated away, e.g., by transporting the droplet to an opening in the top substrate, and permitting
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the buoyant beads to float through the opening, e.g., into a liquid in a reservoir in liquid
communication with the droplet via a vertical opening through which the beads can pass as they
float to a surface of the liquid. Thereafter, the droplet can be transported away without the

buoyant beads. The buoyant beads can then be brought reintroduced onto the droplet actuator.

Charged and uncharged beads can be separated by using electrophoretic and dielectrophoretic

separation mechanisms.

Beads may have multiple properties as well. For example, buoyant beads and dense beads may
also be magnetically responsive. Such beads may, for example, be separated as described above,
then washed using a split-and-merge wash protocol in which the magnetically responsive beads

are restrained in place by a magnetic field.

Figures 11A-11D are illustrative of a method of separating magnetically responsive beads from
non-magnetically responsive beads by (1) chemically aggregating the non-magnetically
responsive beads; and (2) aggregating the magnetically responsive beads using magnetic forces.
The figures show top views of an electrode arrangement 100 on a droplet actuator. The figures
illustrate a method of bead separation by chemical modification. Magnet 114 is positioned at a
certain droplet operations electrode 110 of droplet actuator, such as at droplet operations
electrode 110M. In this embodiment, magnet 114 may be an electromagnet and, therefore, its

magnetic force may be turned off and on.

Bead-containing droplet 1110 is provided atop an electrode of electrode arrangement 100. Bead-
containing droplet 1110 includes magnetically non-responsive beads 1114 and magnetically
responsive beads 1116. Magnetically non-responsive beads 1114 may be charged and, hence, are

dispersed within droplet 1110.

Droplet 1118 is provided atop an electrode of electrode arrangement 100. Droplet 1118 includes
substances that may render a chemical change that is designed to affect certain beads within
droplet 1110. For example, droplet 1118 may include substances that bind to beads 1114 and/or
beads 1116. In one embodiment, a first substance binds beads 1114 and a second substance binds
to beads 1116. In this manner, the method of the invention can be used to separate the two
substances. In another example, droplet 1118 induces a chemical change, such as a pH change
that causes magnetically non-responsive beads 1114 to clump within droplet 1110. In another

example, clumping is induced after magnetically non-responsive beads are separated from the
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magnetically responsive beads. An example of a method of bead separation by chemical

modification may include, but is not limited to, the following steps.

Figure 11A shows droplet 1110 positioned using droplet operations at certain droplet operations
electrode 110. Droplet 1118 is positioned using droplet operations at certain droplet operations
clectrode 110. Magnet 114 at droplet operations electrode 110M is deactivated and, therefore, no

magnetic force is present at droplet operations electrode 110M.

Figure 11B shows droplet 1110 and chemical change droplet 1118 merged at droplet operations
clectrode 110M. Magnet 114 remains deactivated. As illustrated, a 2X droplet 1122 is formed
across droplet operations electrode 110M and an immediately adjacent droplet operations
electrode 110. 2X droplet 1122 is a mixture of the liquid that forms both droplet 1110 and
chemical change droplet 1118. Of course, the merging may take place elsewhere and the
combined droplet may be transported into the presence of magnet 114. As a result of mixing
droplet 1110 and chemical change droplet 1118, a pH change occurs on magnetically non-
responsive beads 1114 that are now within 2X droplet 1122. The result of this pH change may
cause magnetically non-responsive beads 1114 to lose their charge. This loss of charge may
cause magnetically non-responsive beads 1114 to form a concentrated clump within 2X droplet
1122. By contrast, magnetically responsive beads 1116 are substantially unaffected by the
mixing of droplet 1110 and chemical change droplet 1118 and are freely suspended in 2X droplet
1122.

Figure 11C shows magnet 114 activated and, therefore, generating a magnetic force that
immobilizes magnetically responsive beads 1116 and concentrates them in a centralized region of
droplet operations electrode 110M. The magnetic force of magnet 114 has substantially no effect
on the clump of magnetically non-responsive beads 1114 at, for example, the droplet operations

electrode 110 that is immediately adjacent to droplet operations electrode 110M.

Figure 11D shows yet another step in the method of bead separation by chemical modification.
At this step, magnet 114 remains activated and a droplet split operation occurs on 2X droplet
1122.  During the droplet split operation, magnetically responsive beads 1116 remain
immobilized at droplet operations electrode 110M. As a result, a droplet 1130 is formed that
includes mostly magnetically non-responsive beads 1114, and droplet 1134 is formed that

includes mostly magnetically responsive beads 1116.
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In another embodiment, magnet 114 may be a movable permanent magnet and its magnetic field
strength relative to, for example, droplet operations electrode 110M of droplet actuator may be
adjusted by adjusting the physical position of magnet 114 relative to droplet actuator. In another
embodiment, magnetically non-responsive beads may be washed away from the immobilized
magnetically responsive beads prior to causing clumping of the magnetically non-responsive
beads.

6.4 Electrode with Recessed Areas for Bead Immobilization

Figures 12A and 12B illustrate a region/cross-section of droplet actuator substrate 1200 that has
recessed areas, illustrated here as divots 1210, on the droplet operations surface 1205 for
capturing beads (not shown). Figure 12A is a top view, and Figure 12B is a cross-section along
the line XY. Droplet operations surface 1205 includes an array of divots 1210 substantially
aligned with an electrode 1215 underneath the droplet actuator surface. The divots may, for
example, be divots in a diclectric layer 1207 atop electrode 1215. Dielectric layer 1207 may be
hydrophobic, or may be coated or otherwise treated to render it hydrophobic. The array may be

in any pattern, e.g., checkerboard, star shaped, circular, linear, etc.

Figure 13 is illustrative of embodiments in which a surface 1212 of divots 1210 includes a
substance that has an affinity for bead 1325. In the example illustrated, surface 1212 includes
streptavadin  while the bead 1325 includes biotin. In operation, the biotin binds to the
streptavadin, causing bead 1325 to bind to surface 1212. Further, different regions of the array of
divots 1210 may include binding substances for binding to different bead-types, with the result
that the beads may be sorted and arranged by category. Similarly, different electrodes may
include binding substances for binding to different bead-types, with the result that the beads may
be sorted and arranged by category. A droplet with multiple bead types may be transported using
droplet operations to a first electrode where a first bead-type is captured, then to a second
electrode where a second bead-type is captured. The categories may, for example, be an analyte

category or a signal category.

Figures 14A and 14B illustrate a top view and side view, respectively, of the droplet actuator
substrate 1200 that has beads 1325 arrayed in divots 1210.

Figure 15 illustrates steps A, B and C of a method of arraying beads on a surface of a droplet

actuator. In the manner illustrated, beads may be arrayed in divots on a surface of a droplet
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actuator using various droplet operations. Droplet 1505, droplet 1510, and droplet 1515 are
arranged on a path of electrodes 1530. In Step A, droplet 1505 that contains beads 1325 is
transported on the droplet actuator electrodes 1530. In Step B, droplet 1505 that contains beads
1325 is transported onto a region of the droplet operations surface 1205 that includes divots 1210
that are configured for accepting beads 1325. Surface 1205 includes an array of binding
locations, each binding location having a substance with affinity for the beads. As beads contact
the binding locations, they are immobilized. Droplet 1510 may be agitated, e.g., by activating
and deactivating the underlying electrode at an appropriate frequency, in order to cause the beads
to move around within the droplet until they are substantially all arrayed on the surface. Another
example of agitating the droplet involves moving the droplet back and forth over the electrode,
e.g., by transporting the droplet between the electrode and one or more adjacent electrodes. The
result is illustrated as droplet 1510 associated with an arrayed set of beads 1325. In Step C, the
droplet 1515, which substantially lacks beads or, alternatively, contains beads to be arrayed at

another location, may in some cases be transported away from the beads that are in droplet 1510.

Figure 16 illustrates an arrangement 1600 of electrodes 1605, including certain electrodes 1610
that have surface divots 1210 for immobilizing beads. In operation, multiple droplets, each
including one or more beads, may be transported using droplet operations to a position which is
atop one or more electrodes 1610 where the beads may be immobilized or captured in divots

1210.

Figure 17 illustrates an embodiment in which a magnet 1710 is used in combination with
magnetically responsive beads 1705 in order to settle magnetically responsive beads 1705 into
divots 1210. Beads 1705 may be retained in the divots 1210 by the magnet or beads 1705 may be
chemically bound to divots 1210, as described above. The magnet may be moved or agitated to
spread out beads 605 to ensure capture of one or more beads 1705 at each divot 1210. In another
example, more than one magnet can be used to influence binding. For example, a stationary
magnet can be used to influence binding of some beads, while agitating non-bound beads by
moving another magnet can help the non-bound beads to locate a divot that has not been occupied

by a bead.

Figure 18 illustrates a side view of a partial cross-section of an embodiment in which a path or
grid of recessed areas 1805 is provided on the droplet operations surface in association with
electrode 1815. Beads 1325 settle into the recessed areas. This embodiment illustrates an aspect

of the invention in which recessed arcas are not divots. Various shaped recessed arcas may
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replace divots in any of the embodiments described herein. Furthermore, in other embodiments,
bead binding substances may be provided on a droplet actuator surface without the use of divots
or recessed areas. For example, bead binding substances may be patterned on a droplet actuator
surface such that beads will bind thereto, substantially immobilizing the beads. Further, while

beads are illustrated here as spherical, any shape is suitable.

In another example, a mesh structure can be provided within the droplet actuator, and beads can
settle in the mesh without contacting the surface of the electrodes. Areas of the mesh can also be
functionalized with substances that promote binding of beads, ¢.g., as described elsewhere herein

with respect to divots.

In yet another alternative embodiment, beads may be bound to a surface of a droplet actuator
during manufacturing. For example, beads may be bound to a surface of a droplet actuator in

paths, arrays or other patterns.

A variety of approaches are available for providing surface structure, such as divots and recessed
arcas, as described herein. For example, see U.S. Patent Publication No. 20070275193, entitled
“Functional Materials and Novel Methods for the Fabrication of Microfluidic Devices,” published
on November 29, 2007, the entire disclosure of which is incorporated herein by reference. The

grid may be created, for example, in a silicon surface using a masking and etching technique.

In all of the foregoing examples, beads may be arrayed in a droplet on a droplet actuator.
Arrayed beads may be substantially separated from a droplet, ¢.g., using droplet operations.

Arrayed beads may be washed.

6.5 Bead Loading

Figure 19 illustrates a cross-section of an embodiment in which beads are loaded from a reservoir
into droplet operations gap 1920 of droplet actuator 1900. As illustrated, the droplet actuator
1900 includes bottom substrate 1905 associated with electrodes 1910, which are configured for
conducting one or more droplet operations in droplet operations gap 1920. A top substrate 1915
is separated from bottom substrate 1905 by spacer 1916 in a generally parallel fashion to provide
droplet operations gap 1920 between top substrate 1915 and bottom substrate 1905. Droplet

operations gap 1920 provides a space for conducting droplet operations.
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Top substrate 1915 includes a reservoir 1917 for holding liquid 1930 including beads 1935. Top
substrate 1915 also includes one or more openings 1937 providing a liquid path for flowing beads
and/or liquid from reservoir 1917 into gap 1920. Liquid 1930 may be a liquid in which beads
1935 are soluble and which is immiscible with a filler fluid (not shown) contained in gap 1920.

Bottom substrate 1905 may be associated with one or more magnets 1907.

In operation, liquid 1930 with magnetically responsive beads 1935 dispersed therein is loaded
into reservoir 1917. Liquid 1930 flows into opening 1937 and into proximity with one or more
electrodes 1910. One or more proximate electrodes 1910 may be activated to cause liquid 1930
that has beads 1935 to flow into gap 1920. As magnetically responsive beads 1935 approach
magnet 1907, the beads are attracted to and substantially immobilized on a top surface 1908 of
substrate 1905. Ideally, the number of magnetically responsive beads 1935 dispersed in liquid
1930 is selected to yield a monolayer of beads 1935 on the top surface 1908 of substrate 1905. In
another embodiment magnetically responsive beads 1935 may be pulled towards magnet 1907
even before liquid 1930 fills the opening 1937. In other words, with a powerful magnet, beads
can be removed from liquid 1930 and attracted towards magnet 1907 even without requiring
activation of an underlying ¢lectrode. Beads pulled from liquid 1930 may aggregate at a droplet
operations surface in the magnetic field. The beads may be combined with other droplets, ¢.g., as
described elsewhere herein with respect to beads “snapped” out of droplets, for conducting one or

more steps of an assay.

While this embodiment has been illustrated with reference to use of a magnet to immobilize
beads on a surface of the droplet actuator, it will be appreciated that in alternative embodiment,
substances with binding affinity for the beads may be used to immobilize beads in place of
magnetic fields. In yet another embodiment, magnetic fields may be used to attract beads to
locations on the surface with substances having binding affinity for the beads. In this
embodiment, the magnets may be removed after beads are bound to the surface. Further, various
divots, recessed areas, and binding substances described elsewhere herein may be utilized in this

embodiment as well.

6.6 Bead Stamping

Figures 20A and 20B illustrate a bead stamping embodiment of the invention. In this
embodiment, droplet actuator 2000 is provided with substantially the same characteristics as

droplet actuator 1900 that is described with reference to Figure 9. However, top substrate 2015 of
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droplet actuator 2000 includes openings 2020 forming a liquid path from droplet operations gap
2022 to an exterior of top substrate 2015.

Stamping plate 2030 may be associated with one or more magnets 2040. Magnets 2040 may be
arranged to align with openings 2020.

In operation, droplets 2042 including magnetically responsive beads 2043 may be subjected to
droplet operations on droplet actuator 2000. Droplets 2042 including beads may be positioned in
liquid in the vicinity of openings 2020. Liquid from droplets 2042 may flow through openings
2020, e.g., as a result of capillary forces and/or exterior pressure and/or vacuum sources.
Stamping plate 2030 may be positioned in a generally parallel fashion with respect to top
substrate 2015. Magnets 2040 associated with stamping plate 2030 may be generally aligned
with openings 2020. Magnets 2040 attract magnetically responsive beads 2043 and immobilize
them on a surface 2032 of stamping plate 2030. Stamping plate 2030 may then be removed for
subsequent processing. As shown in Figure 20B, in some cases, surface 2032 of stamping plate
2030 may include a bead binding substance, so that magnets 2040 may subsequently be removed.

Bead binding substance retains beads 2043 in place.

In certain embodiments, the droplet-filler fluid interfacial tension may be adjusted to facilitate
certain magnetically responsive bead based operations. Further, magnetic field strength and the
concentration of the magnetically responsive beads may be adjusted as appropriate. Where the
droplet is aqueous and the filler fluid is oil-based, interfacial tension may be influenced by the
surfactant concentration in both the oil and water phase. Increasing surfactant concentration either
phase will reduce the interfacial tension. When surfactant concentration in the oil phase is
increased too much, even hydrophilic magnetically responsive beads tend to become immobilized
in the presence of a magnet underneath and cannot be collected with a water droplet. This result
occurs because of the low interfacial tension. Thus, in one embodiment, the surfactant
concentration in the oil-based filler fluid is less than the amount that results in immobilization of

beads in the oil phase.

In another embodiment, however, this side effect is used for stamping beads on a droplet actuator.
For example, during manufacturing, bead stamping can be accomplished at various reactor zones
on the droplet actuator. The reactor zones may, for example, be located on a droplet operations
surface of a droplet actuator, and associated with one or more droplet operations electrodes of an

arrangement of droplet operations electrodes. This approach would eliminate the time taken to
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transport the magnetically responsive bead-containing droplet to the reactor zone during
operation of the droplet actuator. So, for example, droplet actuators with bead stamps can be
prepared in advance of assay execution. Then, during operation, and the sample and the
secondary antibody can be transported over the bead station using droplet operations followed by

wash buffer and susbtrate. This approach would reduce the time-to-result for the end user.

6.7 Bead Sorting by Size

Figures 21 and 22 illustrate a bead sorting embodiment of the invention. Figure 21 shows an
arrangement of substrates 2110. Each substrate 2110 includes an arrangement of droplet
operations electrodes 2115 and one or more electrodes 2120 configured to function as sieves
(sieve electrodes 2120). Sieve electrodes 2120 permit vertical droplet operations. For example,
droplet 2125 may be provided on an electrode 2115 adjacent to a sieve electrode 2120. By
deactivating electrode 2115 and activating sieve electrode 2120, the droplet may be caused to
flow onto sieve electrode 2120. Once on sieve electrode 2120, droplet 2125 may be transported
horizontally onto another electrode on the same droplet actuator plane, or vertically through the
sieve electrode onto another droplet actuator plane. For example, if droplet 2125 is located on
sieve electrode 2120 on substrate 2110a, by deactivating sieve electrode 2120 on substrate 2110a
and activating sieve electrode 2120 on substrate 2110b, droplet 2125 may be caused to flow from

the plane of substrate 2110a onto sieve electrode 2120 of substrate 2110b.

As illustrated, sieve electrodes 2120 are vertically aligned, but it will be appreciated that such
vertical alignment is not required. A droplet may be transported through a first sieve electrode on
a first substrate onto a non-sieve electrode on a second plane using the same process. If desired,
the droplet may then be transported using droplet operations to a second sieve electrode on the
second plane, and be transported through the second sieve electrode to a third plane. Similarly,
the droplet may be transported back and forth through a series of sieve electrodes between two

planes. A bottom substrate will be provided that includes no sieve electrodes.

Each sieve electrode 2120 may be formed of a screen or mesh or any arrangement of one or more
openings which permits liquids to pass therethrough. Seive electrodes 2120 may, for example, be
formed of the same electrically conductive material as solid electrodes 2115. Each sieve
electrode 2120 contains one or more small openings. The openings may, in some embodiments,
be substantially evenly spaced and of uniform size. Depending on the size of the openings (i.c.,

the mesh size) of each sieve electrode 2120 permits beads up to a certain limiting size to pass
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through. Beads having a size greater than the threshold size are restrained from passing through.
For example, the openings of each sieve electrode 2120 may be a few microns square. The mesh
size of each sieve electrode 2120 of substrates 2110a, 2110b, and 2110c¢ may differ in order to be
used to sort differently sized beads. For example, Figure 21 shows a droplet 2125 that may
contain different sized beads to be sorted. More details of the bead sorting method are shown in

Figure 22.

Figure 22 shows sieve electrodes 2120a, 2120b, and 2120c of substrates 2110a, 2110b, and
2110c, respectively, of droplet actuator 2100, and illustrates the method of sorting beads. Sieve
electrodes 2120a, 2120b, and 2120c¢ provide first, second and third levels of sorting, respectively.
For example, in the illustrated embodiment, openings in sieve electrode 2120a are larger than
openings in sieve electrode 2020b, which are larger than openings in sieve electrode 2020c.
While the sieve electrodes are shown as being spaced apart, ideally, they will be sufficiently
close, that a droplet resting on an activated sieve electrode will extend through the sieve electrode
and slightly contact an underlying or overlying electrode. In this manner, when the underlying or
overlying electrode is activated and the sieve electrode is deactivated, the droplet will be caused
to flow through the sieve electrode and onto the underlying or overlying clectrode. Sieve
electrodes may be coated with a dielectric material. The dielectric material may be hydrophobic
or may be coated with a hydrophobic coating, such as fluorinated polymer. By activating sieve
electrode 2120b and deactivating sieve electrode 2120a, droplet 2125 may be caused to flow
through the openings of sieve electrode 2120a. Beads 2230 may be retained atop sieve electrode
2120a, while droplet 2125 that contains beads 2232 and beads 2234 passes through sicve
clectrode 2120a onto sieve electrode 2120b. Next, by activating sieve electrode 2120c¢ and
deactivating sieve electrode 2120b, droplet 2125 may be caused to flow through the openings of
sieve electrode 2120b. Beads 2232 may be retained atop sieve electrode 2120b, while droplet
2125 that contains beads 2234 only passes through sieve electrode 2120b onto sieve electrode
2120c. Next, droplet 2125 may be caused to flow through the mesh of sieve electrode 2120c by
activating another electrode (not shown) below electrode 2120c.  Alternatively, droplet 2125
may be transported away from sieve electrode 2120c on the same electrode plane using droplet
operations mediated by adjacent electrodes 2115. Beads 2234 may be retained atop sieve

electrode 2120c.

In some embodiments, arrangements of sieve electrodes are used to transport droplets from one
plane of a multi-tiered droplet actuator to another plane of a multi-tiered droplet actuator without

filtering beads or other materials.
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6.8 Bead Localization & Washing

Gravity can be used to localize beads within a droplet. For example, beads can be concentrated in
a droplet by positioning a droplet in a vertical position with respect to gravitational force. Dense
beads, such as metal beads, can be used to cause the beads to settle in a bottom region of the
droplet, e.g., against a bottom meniscus. A top portion of the droplet may then be split off to
yield two daughter droplets: a top daughter droplet substantially lacking in beads and a bottom
daughter droplet including substantially all of the beads from the parent droplet. This approach is
useful, among other things, for merge-and-split wash protocols, in which successive wash
droplets are merged with the bead-containing droplet and split off to yield a droplet including the

beads with one or more unwanted substances removed from the presence of the beads.

Figure 23 illustrates such an operation. Electrode arrangement 2301 provides droplet operations
electrodes 2302 in a path oriented vertically or substantially vertically with respect to
gravitational force. As shown in Figure 23A, parent droplet 2305 including beads is maintained
in position along electrode arrangement 2301 by activated electrodes (designated “ON™). In this
position, dense beads 2308 are localized in a bottom region of droplet 2305. Figure 23B shows
deactivation (designated “OFF”) of an intermediate electrode 2310 to separate droplet 2305 into
two daughter droplets 2325 and 2326. As shown in Figure 23C, daughter droplet 2325 is
substantially lacking in beads, and bottom daughter droplet includes substantially all of the beads.

Similarly, buoyancy can be used to localize beads within a droplet. For example, beads can be
concentrated in a droplet by positioning a droplet in a vertical position with respect to
gravitational force. Beads that are relatively buoyant can be used to cause the beads to rise to a
top region of the droplet, ¢.g., against a top meniscus of the droplet. The top portion of the
droplet may then be split off to yield two daughter droplets: a bottom daughter droplet
substantially lacking in beads and a top daughter droplet including substantially all of the beads
from the parent droplet. This approach is also useful, among other things, for merge-and-split

wash protocols, e.g., as described above.

In another embodiment, settling beads and buoyant beads can be localized to a magnet that can be
stationary or in a state of motion such that the magnetic force prevents beads from settling at the
bottom or towards the top. Beads may be settled into a magnetic field and/or floated to a
magnetic field. The magnet can be moved up and down to transport magnetic beads back and

forth within the droplet. A magnet may be used to separate magnetically responsive beads from

50



WO 2009/140671 PCT/US2009/044305

buoyant or settling beads that are non-magnetic or weakly magnetic. For example, a mix of dense
beads, some magnetically responsive and some not substantially magnetically responsive, may be
settled in a droplet, the magnetically responsive beads being restrained by a magnetic field, while
the magnetically non-responsive beads are permitted to continue to settle within the droplet.
Similarly, a mix of buoyant beads, some magnetically responsive and some not substantially
magnetically responsive, may be floated in a droplet, the magnetically responsive beads being
restrained by a magnetic field, while the magnetically non-responsive beads are permitted to
continue to rise within the droplet. Morcover, a mix of buoyant and dense beads, some
magnetically responsive and some not substantially magnetically responsive, may be
floated/settled in a droplet, the magnetically responsive beads being restrained by a magnetic
field, while the magnetically non-responsive beads are permitted to continue to sink or rise within
the droplet. The droplet may be split using droplet operations (e.g., by deactivating electrodes
between each group of beads) to yield a droplet comprising buoyant magnetically non-responsive
beads, a droplet comprising magnetically responsive beads, and a droplet comprising dense

magnetically non-responsive beads.

In another embodiment, the combined effects of magnetic field and gravity may be used to
separate magnetically responsive beads from a droplet. The interfacial tension of the droplet,
magnetic pull force, concentration and mass of the magnetically responsive beads, may be
adjusted to effect the separation. Similarly, the combined effects of magnetic field and
centrifugal force may be used to separate magnetically responsive beads from a droplet. The
interfacial tension of the droplet, magnetic pull force, concentration and mass of the magnetically

responsive beads, and centrifugal force may be adjusted to effect the separation.

Figure 24 illustrates such an operation. Electrode path 2401 is positioned vertically with respect
to gravitational force. As shown in Figure 24A, parent droplet 2405 including beads is
maintained in position along electrode path 2401 by activated electrodes (designated “ON”). In
this position, buoyant beads 2408 are localized in a top region of droplet 2405. Figure 24B shows
deactivation (designated “OFF”’) of an intermediate electrode 2410 to separate droplet 2405 into
two daughter droplets 2425 and 2426. Figure 24C shows daughter droplet 2425 is substantially
lacking in beads, and daughter droplet 2426 includes substantially all of the beads.

In a related embodiment, buoyant beads are separated from dense beads. A droplet may be
provided including a first set of beads which are less dense than the droplet medium (buoyant

beads) and a second set of beads which are more dense than the droplet medium (dense beads).
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The droplet may be elongated and arranged vertically as illustrated in Figures 23 and 24. The
dense beads will settle to the bottom of the droplet, and the buoyant beads will rise to the top of
the droplet. The droplet may be split to produce a daughter droplet including substantially all of
the dense beads and another daughter droplet including substantially all of the buoyant beads.
The vertically oriented, elongated droplet may be agitated to ensure separation of the buoyant
beads from the dense beads, e.g., using a sonicator or by conducting droplet operations using the
droplet, such as transporting the droplet back and forth on the c¢lectrode configuration or

repeatedly splitting and merging the droplet on the electrode configuration.

In another embodiment, a droplet may include a set of magnetic beads, a set of non-magnetic
charged beads, a set of non-magnetic dense beads, and a set of non-magnetic buoyant beads. The
droplet may be elongated and arranged vertically as illustrated in Figures 23 and 24. The buoyant
and dense beads would be substantially separated to the top and bottom of the droplet
respectively. By applying a magnetic field, the magnetic beads can be immobilized in another
region of the droplet, while the non-magnetic electrically charged beads may localized to another
region of the droplet using electrophoresis. The elongated droplet can further be separated into
multiple daughter droplets, e.g., by deactivating electrodes between the localized beads. The
result is a set of daughter droplets, each containing a substantially high concentration of a

particular set of beads.

6.9 Emulsification and Resuspension of Beads in Droplets

In another embodiment, beads can be suspended using a low interfacial tension liquid, such that
when subjected to droplet operations within a droplet actuator partially or completely filled with a
filler fluid, an emulsion of beads is formed. Figure 25 illustrates this aspect of the invention.
Figure 25A shows clumped beads 2505 in starting droplet 2510 on reservoir electrode 2515.
Figures 25A and 25B show that one or more low interfacial tension droplets 2520 formed using
a liquid with low interfacial tension (relative to the liquid of starting droplet 2510) are combined
with starting droplet 2510. The low interfacial tension droplet(s) 2520 mix with droplet 2510 to
yield a new droplet 2525 having reduced interfacial tension relative to starting droplet 2510.
Figure 25C shows that upon activation of reservoir electrode 2515, an emulsion including
droplets 2530 is formed due to the reduced interfacial tension of droplet 2525 caused by the
addition of the low interfacial tension liquid droplet(s) 2520. On the activated electrode, the low
interfacial tension liquid forms into tiny droplets formed because the interface is not stable

enough to retain the liquid as one big droplet. Once the emulsion is formed, and the beads are
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more or less uniformly distributed in the emulsified droplets, a high-interfacial tension liquid may
be merged with the emulsion resulting in the reformation of a high interfacial tension droplet
2535 that has beads resuspended in it, as shown in Figure 25D. The high-interfacial tension
liquid is selected to neutralize the effect of the low-interfacial tension liquid and maintain a stable

droplet-oil interface.

In one embodiment, this aspect of the invention relates to a method of forming an emulsion by
providing a low interfacial tension liquid on a droplet operations surface and activating an
electrode beneath the surface. In one aspect of this embodiment, the emulsion comprises water
droplets in an oil-based filler fluid. In another aspect, the droplets in the emulsion may include

one or more beads.

6.10 Concentrating Beads

As discussed above, droplet operations including beads are influenced by the interfacial tension
of the droplet-filler fluid interface. For example, an aqueous droplet that (a) is on a droplet
actuator, (b) is in the presence of a magnetic field, (c) is in an oil based filler fluid, and (d) has
relatively large bead load, may tend to snap off the magnetically responsive beads as the droplet
is transported away from a magnet. This effect can be controlled by controlling the concentration
of surfactant in the bead-containing droplet. For example, if it is desirable to remove the beads
from the presence of a magnetic field, the bead-containing droplet can be combined with a droplet
having a lower concentration of surfactant relative to the bead-containing droplet. In this manner,
the surfactant concentration in the bead-containing droplet can be reduced, and the interfacial
tension can be increased, so that the beads can be removed from the magnet by using droplet
operations to transport the bead-containing away from the magnetic field.  Surfactant
concentration can also be reduced using a merge-and-split wash protocol using a wash buffer with
reduced or no surfactant relative to the bead-containing droplet. Similarly, if snapping off the
beads is desirable, this goal can be achieved by increasing the concentration of surfactant in the
droplet, e.g., by merging the bead-containing droplet with a droplet having a higher surfactant
concentration relative to the surfactant concentration of the bead-containing droplet.

Alternatively, the droplet may be heated to reduce the interfacial tension.

A large concentration of magnetically responsive beads can be used to assist the splitting of a
droplet by snapping off the large mass of beads at a magnet station on a droplet actuator. During

a droplet transport operation, the large mass of beads will break off on the magnet, surrounded by
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a minimal amount of liquid from the droplet. The mass of magnetically responsive beads
snapped off from the droplet will generally be immobilized to the center of the magnet while the
liquid component (supernatant) that is split off can be transported using droplet operations to
waste or to downstream processing. An advantage of this approach is that it results in almost
complete liquid removal from the beads. This effect is useful for increasing the efficiency of a

merge-and-split bead washing protocol, e.g., as described above.

Beads can be concentrated on the droplet actuator by transporting a series of bead-containing
droplets into the presence of a magnetic field that immobilizes the beads. Excess liquid can be
split off using droplet operations. Beads may be added until the bead concentration is sufficient to
snap off when the bead-containing droplet is transported away from the magnetic field, thereby
leaving the beads behind in the presence of the magnetic field. By having a very high
concentration of magnetically responsive beads, it is possible to split off only the highly
concentrated beads with a minimal amount of liquid around them. When the highly concentrated
bead solution is transported away from a magnet, the beads tend to get attracted to the trailing
edge of the droplet and a highly concentrated bead sludge is snapped. A fresh wash buffer

droplet can be added and the method repeated as needed until washing is complete.

6.11 Systems

As will be appreciated by one of skill in the art, the invention may be embodied as a method,
system, or computer program product. Accordingly, various aspects of the invention may take the
form of hardware embodiments, software embodiments (including firmware, resident software,
micro-code, etc.), or embodiments combining software and hardware aspects that may all

2%

generally be referred to herein as a “circuit,” “module” or “system.” Furthermore, the methods of
the invention may take the form of a computer program product on a computer-usable storage

medium having computer-usable program code embodied in the medium.

Any suitable computer useable medium may be utilized for software aspects of the invention.
The computer-usable or computer-readable medium may be, for example but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or semiconductor system, apparatus,
device, or propagation medium. More specific examples (a non-exhaustive list) of the computer-
readable medium would include some or all of the following: an electrical connection having one
or more wires, a portable computer diskette, a hard disk, a random access memory (RAM), a

read-only memory (ROM), an erasable programmable read-only memory (EPROM or Flash
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memory), an optical fiber, a portable compact disc read-only memory (CD-ROM), an optical
storage device, a transmission medium such as those supporting the Internet or an intranet, or a
magnetic storage device. Note that the computer-usable or computer-readable medium could
even be paper or another suitable medium upon which the program is printed, as the program can
be electronically captured, via, for instance, optical scanning of the paper or other medium, then
compiled, interpreted, or otherwise processed in a suitable manner, if necessary, and then stored
in a computer memory. In the context of this document, a computer-usable or computer-readable
medium may be any medium that can contain, store, communicate, propagate, or transport the

program for use by or in connection with the instruction execution system, apparatus, or device.

Computer program code for carrying out operations of the invention may be written in an object
oriented programming language such as Java, Smalltalk, C++ or the like. However, the computer
program code for carrying out operations of the invention may also be written in conventional
procedural programming languages, such as the “C” programming language or similar
programming languages. The program code may execute entirely on the user’s computer, partly
on the user’s computer, as a stand-alone software package, partly on the user’s computer and
partly on a remote computer or entirely on the remote computer or server. In the latter scenario,
the remote computer may be connected to the user’s computer through a local area network
(LAN) or a wide area network (WAN), or the connection may be made to an external computer

(for example, through the Internet using an Internet Service Provider).

Certain aspects of invention are described with reference to various methods and method steps. It
will be understood that each method step can be implemented by computer program instructions.
These computer program instructions may be provided to a processor of a general purpose
computer, special purpose computer, or other programmable data processing apparatus to produce
a machine, such that the instructions, which execute via the processor of the computer or other
programmable data processing apparatus, create means for implementing the functions/acts

specified in the methods.

The computer program instructions may also be stored in a computer-readable memory that can
direct a computer or other programmable data processing apparatus to function in a particular
manner, such that the instructions stored in the computer-readable memory produce an article of

manufacture including instruction means which implement various aspects of the method steps.
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The computer program instructions may also be loaded onto a computer or other programmable
data processing apparatus to cause a series of operational steps to be performed on the computer
or other programmable apparatus to produce a computer implemented process such that the
instructions which execute on the computer or other programmable apparatus provide steps for

implementing various functions/acts specified in the methods of the invention.

Concluding Remarks

The foregoing detailed description of embodiments refers to the accompanying drawings, which
illustrate specific embodiments of the invention. Other embodiments having different structures
and operations do not depart from the scope of the present invention. The term “the invention™ or
the like is used with reference to certain specific examples of the many alternative aspects or
embodiments of the applicants’ invention set forth in this specification, and neither its use nor its
absence is intended to limit the scope of the applicants’ invention or the scope of the claims. This
specification is divided into sections for the convenience of the reader only. Headings should not
be construed as limiting of the scope of the invention. The definitions are intended as a part of the
description of the invention. It will be understood that various details of the present invention
may be changed without departing from the scope of the present invention. Furthermore, the
foregoing description is for the purpose of illustration only, and not for the purpose of limitation,

as the present invention is defined by the claims as set forth hereinafter.

56



WO 2009/140671 PCT/US2009/044305

The Claims

We claim:

1. A method of reducing a liquid volume surrounding one or more magnetically responsive

beads, the method comprising:

(a) providing a droplet comprising the one or more magnetically responsive beads;

(b) exposing the one or more magnetically responsive beads in the droplet to a first

region of a magnetic field; and

(©) separating the droplet from the first region of the magnetic field, the one or more

magnetically responsive beads remaining in the magnetic field.

2. The method of any of claims 1 and following, further comprising heating the droplet to a
temperature which permits the one or more magnetically responsive beads to break away

from the droplet.

3. The method of any of claims 1 and following, further comprising adjusting the droplet to
a shape which permits the one or more magnetically responsive beads to break away from

the droplet.

4. The method of any of claims 1 and following, further comprising adjusting the droplet to
an interfacial tension which permits the one or more magnetically responsive beads to

break away from the droplet.

5. The method of any of claims 1 and following, further comprising adding beads to the
droplet until a mass of beads is accumulated which permits the one or more magnetically

responsive beads to break away from the droplet.
6. The method of any of claims 1 and following, further comprising adjusting the position

and/or strength of a magnetic field in proximity to the droplet until one or more

magnetically responsive beads breaks away from the droplet.
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10.

11.

12.

13.

14.

The method of any of claims 1 and following, further comprising adjusting the position
of the droplet in relation to a magnetic field until one or more magnetically responsive

beads breaks away from the droplet.

The method of any of claims 1 and following, wherein the droplet comprises a wash

buffer.

The method of any of claims 1 and following, wherein the droplet comprises one or more

target substances for which at least a subset of the one or more beads has affinity.

The method of any of claims 1 and following, wherein the one or more magnetically
responsive beads remaining in the magnetic field is/are surrounded by liquid from the

droplet.

The method of any of claims 1 and following, wherein the one or more magnetically

responsive beads is/are separated from the droplet during step 1(b).

The method of any of claims 1 and following, wherein the one or more magnetically

responsive beads is/are separated from the droplet during step 1(c).

The method of any of claims 1 and following, wherein separating the droplet from the

first region of the magnetic field comprises magnetically attracting beads:

(a) from a droplet positioned at least partially in a droplet operations gap of a droplet

actuator; and

(b) through an opening in a substrate of the droplet actuator to a locus which is

exterior to the droplet operations gap.
The method of claim 1 wherein the one or more magnetically responsive beads is/are

snapped out of the droplet as the droplet is transported away from the first region of the

magnetic field.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

The method of claim 1 wherein the one or more magnetically responsive beads is/are
snapped out of the droplet while the droplet is in proximity to the first region of the
magnetic field.

The method of any of the foregoing claims 11 and following, wherein during the
separation, the droplet is restrained from following the one or more magnetically

responsive beads by a surface property of an underlying substrate.

The method of claim 16 wherein, during the separation, the surface property of the

underlying substrate causes the droplet to remain in a substantially stationary position.
The method of claim 16 wherein, during the separation, the surface property of the
underlying substrate causes the droplet to move closer to the first region of the magnetic
field.

The method of claim 16 wherein, during the separation, the surface property of the
underlying substrate causes the droplet to move away from the first region of the

magnetic field.

The method of claim 16 wherein the surface property of the underlying substrate is

mediated by an electrode.

The method of claim 20 wherein the electrode is underlying the substrate.

The method of any of claims 1 and following wherein, during the separation, the droplet

is heated.

The method of claim 1 wherein, during the separation, the droplet is surrounded by a

liquid filler fluid that is substantially immiscible with the droplet.

The method of claim 1 wherein, following the separation, the one or more magnetically

responsive beads remain(s) in the first region of the magnetic field.
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25.

26.

27.

28.

29.

30.

31.

32.

The method of claim 1 wherein, following the separation, the one or more magnetically
responsive beads is/are caused by the magnetic field to relocate from the first region of

the magnetic field to a second region of the magnetic field.

The method of any of claims 1 and following wherein, wherein exposing the one or more
magnetically responsive beads in the droplet to a first region of a magnetic field

comprises transporting the droplet into the first region of the magnetic field.

The method of any of claims 1 and following wherein, exposing the one or more
magnetically responsive beads in the droplet to a first region of a magnetic field
comprises transporting the first region of the magnetic field into proximity with the one

or more magnetically responsive beads.

The method of any of claims 1 and following wherein, wherein separating the droplet
from the first region of the magnetic field comprises transporting the droplet away from

the first region of the magnetic field.

The method of any of claims 1 and following wherein, wherein separating the droplet
from the first region of the magnetic field comprises moving the first region of the

magnetic field away from the droplet.

The method of any of claims 1 and following wherein, wherein separating the droplet
from the first region of the magnetic field comprises eliminating or shielding the

magnetic field.

The method of any of claims 1 and following, further comprising concentrating a target
substance on the one or more magnetically responsive beads by contacting the one or

more magnetically responsive beads with a sample droplet.
The method of claim 31 further comprising separating the sample droplet from the first

region of the magnetic field, the one or more magnetically responsive beads remaining in

the magnetic field.
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33.

34.

35.

36.

37.

38.

39.

40.

The method of any of claims 1 and following, further comprising washing the one or
more magnetically responsive beads by contacting the one or more magnetically

responsive beads with a wash droplet.

The method of claim 33 further comprising separating the wash droplet from the first
region of the magnetic field, the one or more magnetically responsive beads remaining in

the magnetic field.

The method of any of claims 1 and following, wherein providing a droplet comprising
one or more magnetically responsive beads comprises providing the droplet in a droplet
operations gap of a droplet actuator, wherein the droplet is subject to one or more droplet

operations.

The method of any of claims 35 and following, wherein exposing the one or more
magnetically responsive beads in the droplet to a first region of a magnetic field
comprises transporting the droplet using electrode-mediated droplet operations into the

first region of the magnetic field.

The method of any of claims 35 and following, wherein exposing the one or more
magnetically responsive beads in the droplet to a first region of a magnetic field
comprises transporting the first region of the magnetic field into proximity with the one

or more magnetically responsive beads.

The method of any of claims 35 and following, wherein separating the droplet from the
first region of the magnetic field comprises transporting the droplet using electrode-

mediated droplet operations away from the first region of the magnetic field.
The method of any of claims 35 and following, wherein separating the droplet from the
first region of the magnetic field comprises transporting the first region of the magnetic

field away from the one or more magnetically responsive beads.

The method of any of claims 35 and following, wherein the one or more droplet

operations is/are mediated by one or more electrodes.
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41.

42.

43.

44,

45.

46.

47.

The method of any of the foregoing claims wherein following separating the droplet from
the first region of the magnetic field, the droplet is presented to a detector or detection
window for detection of a property of and/or signal from the droplet.

The method of any of the foregoing claims, wherein:

(a) the one or more magnetically responsive beads remaining in the magnetic field is

positioned in a droplet atop an electrowetting electrode;

(b) the electrowetting electrode has a footprint; and

(c) the droplet has a footprint which is smaller than the footprint of the

clectrowetting electrode

The method of any of the foregoing claims further comprising subjecting the one or more

magnetically responsive beads to an assay protocol.

The method of claim 43 further comprising providing an output indicative of results of

the assay protocol.

The method of any of the foregoing claims wherein execution of one or more steps of the

method is controlled by a computer.

A system programmed to execute the method of any of the foregoing claims.

A method of merging a first droplet with a second droplet, the method comprising:

(a) providing a droplet actuator substrate comprising electrowetting electrodes
arranged to mediate one or more droplet operations, each -electrowetting

electrode having a footprint;

(b) providing atop an electrode a first droplet having a footprint which is smaller

than the footprint of the electrode;
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48.

49.

50.

51.

52.

53.

54.

55.

56.

(c) transporting a second droplet along the clectrowetting electrodes into contact

with the first droplet.

The method of claim 47 wherein the first droplet comprises beads.

The method of claim 47 wherein the first droplet comprises magnetically responsive
beads.

The method of claim 49 wherein providing atop an electrode a first droplet comprises

magnetically attracting a component of the first droplet onto the electrode.

The method of claim 49 wherein the first droplet is transported into position atop the

electrode by a magnetic field acting on the magnetically responsive beads.

The method of claim 49 wherein the first droplet is broken off of a third droplet by a

magnetic field acting on the magnetically responsive beads.

The method of claim 49 wherein the first droplet is formed by steps comprising:

(a) providing a third droplet on the electrode; and

(b) merging the third droplet with a fourth droplet comprising magnetically
responsive beads to yield the first droplet.

The method of claim 49 wherein the first droplet is formed by steps comprising:

(a) merging a third droplet with a fourth droplet comprising magnetically responsive

beads to yield the first droplet; and

(b) magnetically attracting the first droplet onto the electrode.

The method of claim 49 wherein the first droplet is retained in position by a magnetic

field acting on the magnetically responsive beads.

A method of conducting one or more steps of an assay, the method comprising:
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57.

S8.

59.

60.

61.

62.

63.

(a) arraying on a substrate:

(i) a sample liquid; and

(ii) one or more reagent liquids; and

(b) using a magnetic field, gravity, and/or centrifugal force to move beads having
affinity for a target substance in the sample liquid into and/or through the sample

liquid and the reagent liquids to conduct the assay.

The method of claim 56 comprising using gravity to move beads having affinity for a
target substance in the liquid into and/or through the sample liquid and the reagent liquids

to conduct the assay.

The method of claim 56 comprising using a centrifugal force to move beads having
affinity for a target substance in the liquid into and/or through the sample liquid and the

reagent liquids to conduct the assay.
The method of claim 56 comprising using a magnetic field to move beads having affinity
for a target substance in the liquid into and/or through the sample liquid and the reagent

liquids to conduct the assay.

The method of claim 56 wherein the arraying is mediated at least in part by one or more

electrodes associated with the substrate.

The method of any of claims 59 and following, wherein magnetic field is moved along a

path of liquid operations electrodes.

The method of any of claims 59 and following, wherein magnetic field is moved along a

path intersecting a path of liquid operations electrodes.

The method of any of claims 56 wherein the sample liquid is arrayed atop and maintained

in position by an electrode underlying the substrate.
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64.

65.

66.

67.

68.

69.

70.

71.

72.

The method of any of claims 56 wherein the one or more reagent liquids are arrayed atop

and maintained in position by an electrode underlying the substrate.

The method of any of claims 59 and following, wherein the sample liquid and one or
more reagent liquids are arrayed such that movement of the magnetic ficld along a
straight line will cause the one or more beads to move through the sample liquid and one

or more reagent liquids.

The method of any of claims 59 and following, wherein:

(a) the method comprises repeating movements of the magnetic field along a path;
and
(b) the sample liquid and/or one or more reagent liquids is/are moved into the path

between such repeating movements of the magnetic field along a path.

The method of claim 59 the repeating movements of the magnetic field along a path

comprise repeated movements around a loop path.

The method of claim 59 the repeating movements of the magnetic field along a path

comprise back and forth movements along a non-looping path.

The method of any of claims 56 and following, wherein the one or more reagents

comprise a reagent for conducting an immunoassay.

The method of any of claims 56 and following, wherein the one or more reagents

comprise a reagent for conducting an enzymatic assay.

The method of any of claims 56 and following, wherein the one or more reagents

comprise a reagent for conducting a nucleic acid assay.

The method of any of claims 59 and following, wherein the method comprises using a

magnetic field to move magnetically responsive beads into a detection liquid comprising
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73.

74.

75.

76.

77.

78.

reagents for producing a signal indicative of the presence and/or quantity of the target

substance.

The method of claim 72 wherein the detection liquid is in contact with or in sensing
proximity to a sensor when the magnetically responsive beads are moved into the

detection liquid.

The method of claim 72 wherein the detection liquid is transported into contact, or
sensing proximity, with a sensor after the magnetically responsive beads are moved into

the detection liquid.

The method of any of claims 56 and following, wherein the arraying on a substrate

comprises arraying in a channel.

The method of any of claims 56 and following, wherein the sample liquid and/or one or
more reagent liquids comprise(s) one or more droplets in a droplet operations gap of a

droplet actuator.

A method of removing one or more beads from a position in which the one or more beads

is/are restrained by a force, the method comprising:

(a) providing a first droplet comprising the one or more beads;

(b) exposing the one or more beads to a force which acts on the one or more beads in

a first direction; and

(©) transporting the droplet in a second direction, causing the droplet to move the
beads in the second direction, against the force which acts on the one or more

beads in the first direction.
The method of claim 77 wherein the droplet has a interfacial tension which is sufficiently

high to prevent the first force from causing the one or more beads to leave the droplet

during the transporting step.
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79.

80.

81.

82.

83.

84.

85.

86.

87.

The method of any of claims 77 and following, wherein the first force comprises a
magnetic force and at least a subset of the one or more beads comprises magnetically

responsive beads.

The method of claim 79 wherein the magnetic force comprises a magnetic field emitted

by a magnetic field emitting device positioned in proximity to the droplet.

The method of any of claims 77 and following, wherein the first force comprises a

centrifugal force.

The method of any of claims 77 and following, wherein the first force comprises a

gravitational force.

The method of any of claims 77 and following, wherein the second force comprises an

electrowetting force.

The method of any of claims 77 and following, wherein the second force comprises a

dielectrophoretic force.

The method of any of claims 77 and following, wherein the second force comprises a

frictional force.

The method of any of claims 77 and following, wherein the second direction is

substantially opposite the first direction.

The method of any of claims 77 and following further comprising forming the first

droplet by combining:
(a) a second droplet comprising the one or more beads and having a interfacial
tension which is not sufficiently high to prevent the first force from causing the

one or more beads to leave the second droplet; and

(b) a third droplet having a interfacial tension which is sufficiently high to raise the

interfacial tension of the second droplet to a level which is sufficiently high to
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88.

9.

90.

91.

92.

93.

94.

prevent the first force from causing the one or more beads to leave the combined

first droplet.

A method of positioning a droplet comprising magnetically responsive beads atop an
electrode in a droplet operations gap of a droplet actuator, the method comprising using a
magnetic field to attract the droplet comprising the beads to a position atop an electrode,
wherein the droplet has a droplet footprint and the electrode has an electrode footprint,
and wherein the droplet footprint area is substantially smaller than the electrode footprint

arca.

The method of claim 88 wherein the droplet footprint area is less than about 75% of the

electrode footprint area.

The method of claim 88 wherein the droplet footprint area is less than about 50% of the

electrode footprint area.

The method of claim 88 wherein the droplet footprint area is less than about 25% of the

electrode footprint area.

The method of claim 88 wherein the droplet is substantially surrounded in the droplet

operations gap by a liquid filler fluid that is immiscible with the droplet.

A droplet actuator comprising:

(a) a substrate;

(b) one or more electrodes associated with the substrate and configured to effect one

or more droplet operations on a surface of the substrate; and

(c) one or more bead binding sites on the droplet operations surface atop one or more

of the electrodes.

The droplet actuator of claim 93 wherein the one or more bead binding sites comprise

one or more beads bound thereto.
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95.

96.

97.

98.

99.

100.

101.

The droplet actuator of any of claims 93 and following, wherein the one or more bead
binding sites comprise an array of multiple bead binding sites on the droplet operations

surface atop a droplet operations electrode.

The droplet actuator of any of claims 93 and following, wherein the one or more bead

binding sites on the droplet operations surface comprises one or more recessed areas.

The droplet actuator of any of claims 93 and following comprising a droplet atop the
bead binding sites, the droplet comprising one or more beads having affinity for the bead

binding sites.

The droplet actuator of claim 97 wherein one or more of the bead binding sites comprises

a substance that has an affinity for one or more of the beads.
The droplet actuator of any of claims 93 and following comprising two or more
electrodes each associated with bead binding sites, the bead binding sites of each

electrode having affinity for a different bead-type.

The droplet actuator of any of claims 93 and following comprising a magnetic field

emitting device underlying the one or more of the bead binding sites.

A method of arraying beads on a substrate, the method comprising:

(a) providing a droplet actuator comprising:
(1) a substrate;
(i1) one or more electrodes associated with the substrate and configured to

effect one or more droplet operations on a surface of the substrate; and

(iii)  one or more bead binding sites on the droplet operations surface atop one

or more of the electrodes; and

(b) providing on the substrate a droplet comprising beads;
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102.

103.

104.

105.

106.

(c) transporting the droplet onto the one or more bead binding sites causing one or

more beads to bind to one or more bead binding sites.

The method of claim 101 wherein:

(a) the one or more bead binding sites comprise an array of bead binding sites on the

droplet operations surface atop a droplet operations electrode; and

(b) causing one or more beads to bind to one or more bead binding sites comprises
causing the multiple beads to be arrayed in a monolayer the droplet operations
surface atop a droplet operations electrode.

The method of any of claims 101 an following, wherein:

(a) the one or more bead binding sites on the droplet operations surface comprises

one or more recessed areas; and

(b) causing one or more beads to bind to one or more bead binding sites comprises

causing the one or more beads to settle in and/or bind to the recessed areas.

The method of any of claims 101 and following, wherein:

(a) one or more of the bead binding sites comprises a substance that has an affinity

for one or more of the beads; and

(b) causing one or more beads to bind to one or more bead binding sites comprises

causing the one or more beads to bind to the substance.

The method of claim 104 wherein a subset of the beads binds to a first set of one or more
bead binding sites and another subset of the beads does not bind to the first set of one or

more bead binding sites.

The method of claim 105 further comprising transporting the droplet with the subset of

the beads that does not bind to the one or more bead binding sites to a second set of one
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107.

108.

109.

110.

111.

112.

113.

or more bead binding sites having affinity for the subset of the beads that does not bind to

the first set of one or more bead binding sites.

The method of claim 106 wherein the second set of one or more bead binding sites is atop

a second electrode.

The method of any of claims 101 and following, wherein causing one or more beads to
bind to one or more bead binding sites comprises magnetically attracting the one or more
beads to the one or more bead binding sites.

The method of any of claims 101 and following, wherein causing one or more beads to
bind to one or more bead binding sites comprises agitating the droplet to cause the beads
to spread into multiple bead binding sites.

A droplet actuator comprising:

(a) one or more substrates arranged to form a droplet operations gap;

(b) one or more electrodes arranged to conduct one or more droplet operations in the

droplet operations gap;

(c) a reservoir in fluid communication with the droplet operations gap having two or

more liquid paths extending from the reservoir into the droplet operations gap.

The droplet actuator of claim 110 wherein each liquid path enters the droplet operations

gap at an opening locus which is substantially aligned with an electrode.

The droplet actuator of claim 111 wherein the electrode is across the droplet operations

gap from the opening locus.

The droplet actuator of claim 111 comprising one or more bead binding sites on a surface

of the droplet operations gap.
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114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

The droplet actuator of claim 113 wherein one or more of the bead binding sites is at a

bead binding locus of the droplet operations gap which is atop an electrode.

The droplet actuator of claim 114 wherein the bead binding locus is aligned with the

opening locus.

The droplet actuator of claim 115 wherein the bead binding locus is across the droplet

operations gap from the opening locus.

The droplet actuator of any of claims 110 and following comprising a magnetic field
producing device arranged to attract one or more beads from the opening locus to a
surface locus which is atop an electrode across the droplet operations gap from the

opening locus.

The droplet actuator of any of claims 110 and following, wherein the reservoir comprises

a liquid therein.

The droplet actuator of claim 118 wherein the liquid extends through one or more of the

openings into the droplet operations gap.

The droplet actuator of claim 119 wherein the liquid in the reservoir extends through two

or more of the openings into the droplet operations gap.

The droplet actuator of any of claims 119 and following, wherein the liquid in the
reservoir that extends into the droplet operations gap is attracted into the droplet
operations gap at least in part by an activated clectrode associated with a region of the

substrate underlying the opening locus.

The droplet actuator of any of claims 118 and following, wherein the liquid comprises

magnetically responsive beads.

The droplet actuator of claim 122 wherein the magnetically responsive beads are attracted

by a magnetic field to an edge of the liquid which is in the droplet operations gap.
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124.

125.

126.

127.

128.

129.

The droplet actuator of claim 123 wherein the magnetically responsive beads are

arranged in a monolayer at an edge of the liquid which is in the droplet operations gap.
The droplet actuator of any of claims 123 and following, wherein the magnetically
responsive beads are bound to one or more bead binding sites on a surface of the droplet

operations gap.

A method of distributing a liquid in a droplet actuator, the method comprising:

(a) providing a droplet actuator comprising:
(1) ong or more substrates arranged to form a droplet operations gap;
(ii) one or more eclectrodes arranged to conduct one or more droplet

operations in the droplet operations gap;

(iii) a reservoir in fluid communication with the droplet operations gap
having two or more liquid paths extending from the reservoir into the
droplet operations gap;

(b) providing a liquid in the reservoir;

(©) flowing liquid from the reservoir through the two or more liquid paths into the

droplet operations gap.

The method of claim 126 further comprising dispensing two or more droplets from the

liquid, at least one from each of the liquid paths.
The method of claim 126 further comprising merging one or more droplets with the
liquid flowed from the reservoir through the two or more liquid paths into the droplet

operations gap.

The method of any of claims 126 and following, further comprising retracting liquid from

the droplet operations gap through the fluid paths and into the reservoir.
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130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

The method of claim 126 wherein flowing liquid from the reservoir through the two or
more liquid paths into the droplet operations gap comprises, in each instance, flowing the

liquid onto an electrode underlying the substrate.
The method of claim 130 wherein the electrode underlying the substrate is situated at a
position which is across the droplet operations gap from a locus at which a liquid path

enters the droplet operations gap.

The method of any of claims 126 and following, wherein the liquid comprises one or

more beads.

The method of claim 132 wherein the method further comprises causing the one or more

beads to bind to one or more bead binding sites on a surface of the droplet operations gap.

The method of claim 133 wherein the one or more bead binding sites is located atop an

electrode.

The method of claim 134 wherein the electrode is across the droplet operations gap from

a locus at which a liquid path enters the droplet operations gap.

The method of claim 132 wherein the beads comprise magnetically responsive beads.

The method of claim 136 wherein the method further comprises magnetically attracting

the magnetically responsive beads to a surface of the droplet operations gap.

The method of claim 133 wherein the surface of the droplet operations gap is located atop

an electrode.

The method of claim 138 wherein the electrode is across the droplet operations gap from

a locus at which a liquid path enters the droplet operations gap.

The method of claim 137 wherein the method further comprises transporting one or more

beads which are not substantially magnetically responsive away from the locus of the
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141.

142.

143.

144.

145.

146.

substrate which is atop the electrode which is across the droplet operations gap from the

opening.

The method of claim 136 wherein the method further comprises attracting the

magnetically responsive beads to an edge of the liquid which is in the droplet operations

gap.

The method of claim 136 wherein the method further comprises arranging the
magnetically responsive beads in a monolayer at an edge of the liquid which is in the

droplet operations gap.

The method of claim 136 wherein the method further comprises binding the magnetically

responsive beads to one or more bead binding sites on a surface of the droplet operations

gap.

The method of any of claims 126 and following, wherein flowing liquid from the
reservoir through the two or more openings into the droplet operations gap is mediated at
least in part by an electrode underlying the opening.

The droplet actuator of claim 123 wherein the magnetically responsive beads are
arranged substantially in a monolayer at an edge of the liquid which is in the droplet
operations gap.

A method of depositing beads on a substrate, the method comprising:

(a) providing a droplet actuator comprising:

(i) one or more droplet actuator substrates arranged to form a droplet

operations gap;

(ii) one or more electrodes arranged to conduct one or more droplet

operations in the droplet operations gap;
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147.

148.

149.

150.

151.

(iii) one or more liquid paths extending from the droplet operations gap,
through the droplet actuator substrate, and to an exterior of the droplet

operations gap;

(b) providing a deposition substrate arranged to receive liquid from the one or more
openings;

(c) providing one or more droplets comprising beads in the droplet operations gap;

(d) flowing liquid from the one or more droplets through the one or more liquid

paths and onto the deposition substrate;

(e) causing one or more beads to travel from within a droplet in the droplet
operations gap, through one or more of the liquid paths, and into proximity with,

or onto, the deposition substrate.

The method of claim 146 further comprising retracting liquid from the one or more

droplets into the droplet operations gap.

The method of any of claims 146 and following, wherein the deposition substrate is
associated with electrodes configured for conducting one or more droplet operations on

the deposition substrate.

The method of any of claims 146 and following, wherein flowing liquid from the one or
more droplets through the one or more liquid paths and onto the deposition substrate
comprises, in each instance, flowing the liquid onto an electrode underlying the

deposition substrate.

The method of any of claims 146 and following, wherein the liquid comprises one or

more beads.

The method of claim 150 wherein the method further comprises causing the one or more

beads to bind to one or more bead binding sites on a surface of the deposition substrate.
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152.

153.

154.

155.

156.

157.

158.

159.

The method of claim 152 wherein the one or more bead binding sites is located atop an

electrode.

The method of claim 150 wherein the beads comprise magnetically responsive beads.

The method of claim 153 wherein the method further comprises magnetically attracting

the magnetically responsive beads to a surface of the deposition substrate.

The method of claim 154 wherein the method further comprises attracting the
magnetically responsive beads to an edge of the liquid which is in contact with the

deposition substrate.

The method of claim 154 wherein the method further comprises arranging the
magnetically responsive beads in a monolayer at an edge of the liquid which is in contact
with the deposition substrate.

The method of claim 154 wherein the method further comprises binding the magnetically
responsive beads to one or more bead binding sites on a surface of the deposition
substrate.

A droplet actuator device comprising:

(a) a first substrate comprising a first sieve electrode; and

(b) a second substrate comprising a droplet operations electrode;

wherein the first substrate and second substrate are arranged such that a droplet
positioned on the sieve electrode will move through the sieve electrode and onto the
droplet operations electrode upon deactivation of the sieve electrode and activation of the

droplet operations electrode.

The droplet actuator device of claim 158 wherein the droplet operations electrode

comprises a second sieve electrode.
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160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

The droplet actuator device of claim 159 wherein the first sieve electrode and the second

sieve electrode are vertically aligned.

The droplet actuator device of claim 159 further comprising a third substrate comprising
a second droplet operations electrode, wherein the second substrate and third substrate
are arranged such that a droplet positioned on the second sieve electrode will move
through the second sieve electrode and onto the second droplet operations electrode upon
deactivation of the second sieve electrode and activation of the second droplet operations

electrode.
The droplet actuator device of any of claims 158 and following further comprising a top
substrate arranged to form a droplet operations gap between the top substrate and the first

substrate.

The droplet actuator device of claim 162 wherein the droplet operations gap is sealed and

filled with a liquid filler fluid.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises a mesh.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises a screen.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises an electrode having one or more openings therein.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises an electrode having one or more openings therein.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises an electrode having an array of openings therein.

The droplet actuator device of any of claims 158 and following, wherein one or more of

the sieve electrodes comprises an electrode having openings therein, wherein the
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170.

171.

172.

173.

openings have a size which is selected to permit beads having a first size to pass through
the openings while restraining beads having a second, larger size from passing through

the openings.

The droplet actuator device of any of claims 158 and following, wherein:

(a) the droplet operations electrode on the second substrate is part of an arrangement

of electrodes on the second substrate;

(b) the arrangement of droplet operations electrodes is configured for conducting one

or more droplet operations on the second substrate.

The droplet actuator device of claim 170 wherein the arrangement of electrodes
comprises a second sieve clectrode that is not vertically aligned with the first sieve

electrode.

The droplet actuator device of claim 171 further comprising a third substrate comprising
a second droplet operations electrode, wherein the second substrate and third substrate
are arranged such that a droplet positioned on the second sieve electrode will move
through the second sieve electrode and onto the second droplet operations electrode upon
deactivation of the second sieve electrode and activation of the second droplet operations

electrode.

A method of transporting a droplet from a first droplet actuator substrate to a second

droplet actuator substrate, the method comprising:

(a) providing a droplet actuator device comprising:
(1) a first substrate comprising a first sieve electrode;
(i1) a droplet positioned on the sieve electrode;

(i)  asecond substrate comprising a droplet operations electrode;
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174.

175.

176.

177.

178.

179.

180.

181.

(b) activating the droplet operations electrode to cause the droplet to move through

the sieve electrode and onto the droplet operations electrode.

The method of claim 173 wherein the droplet operations electrode comprises a second

sieve electrode.

The method of claim 174 wherein:

(a) the droplet actuator further comprises a third substrate comprising a second

droplet operations electrode;

(b) the method further comprises activating the second droplet operations electrode
to cause the droplet to move through the second sieve electrode and onto the

second droplet operations electrode.
The method of any of claims 173 and following, wherein the droplet actuator further
comprises a top substrate arranged to form a droplet operations gap between the top

substrate and the first substrate.

The method of claim 176 wherein the droplet operations gap is sealed and filled with a
liquid filler fluid.

The method of any of claims 173 and following, wherein one or more of the sieve

electrodes comprises a mesh.

The method of any of claims 173 and following, wherein one or more of the sieve

electrodes comprises a screen.

The method of any of claims 173 and following, wherein one or more of the sieve

electrodes comprises an electrode having one or more openings therein.

The method of any of claims 173 and following, wherein one or more of the sieve

electrodes comprises an electrode having one or more openings therein.
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182.

183.

184.

185.

186.

187.

188.

The method of any of claims 173 and following, wherein one or more of the sieve

electrodes comprises an electrode having an array of openings therein.

The method of any of claims 173 and following, wherein:

(a) openings in the first sieve electrode have a size which is selected to restrain first

beads having a first size from passing through the openings;

(b) the droplet on the first sieve electrode comprises first beads;

(c) the method comprises transporting the droplet through the first sieve electrode
while retaining the first beads from passing through the sieve electrode to yield a

droplet lacking first beads.

The method of claim 183 further comprising solubilizing the first beads restrained by the

sieve electrode in another droplet, yielding a droplet comprising the first beads.

The method of claim 184 wherein solubilizing the first beads restrained by the sieve
clectrode in another droplet comprises transporting a droplet using electrode mediated
droplet operations onto the sieve electrode to solubilize the first beads therein.

The method of claim 184 or 185 further comprising removing the droplet comprising first
beads from the droplet actuator and/or conducting one or more steps of an assay using the
droplet comprising first beads.

The method of claim 184 further comprising removing the droplet lacking first beads
from the droplet actuator and/or conducting one or more steps of an assay using the
droplet lacking first beads.

The method of any of claims 173 and following, wherein:

(a) openings in the first sieve electrode have a size which is selected to:

(1) permit first beads having a first size to pass through the openings;
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189.

190.

191.

192.

193.

194.

195.

(ii) restrain second beads having a second, larger size from passing through

the openings;

(b) the droplet on the first sieve electrode comprises first beads and second beads;

(c) the method comprises transporting the droplet through the first sieve electrode
with first beads while retaining the second beads from passing through the sieve

electrode to yield a droplet comprising first beads.

The method of claim 188 further comprising solubilizing the second beads restrained by

the sieve electrode in another droplet, yielding a droplet comprising second beads.

The method of claim 189 wherein solubilizing the second beads restrained by the sieve
electrode in another droplet comprises transporting a droplet using ¢lectrode mediated

droplet operations onto the sieve electrode to solubilize the second beads therein.

The method of claim 189 or 190 further comprising removing the droplet comprising
second beads from the droplet actuator and/or conducting one or more steps of an assay

using the droplet comprising second beads.

The method of claim 188 further comprising removing the droplet comprising first beads
from the droplet actuator and/or conducting one or more steps of an assay using the

droplet comprising first beads.

The method of claim 188 further comprising transporting the droplet having first beads
through a second sieve electrode having openings sized to restrain the first beads,

yielding a droplet lacking first beads and second beads.

The method of claim 193 further comprising solubilizing the first beads restrained by the

sieve electrode in another droplet, yielding a droplet comprising first beads.
The method of claim 194 wherein solubilizing the first beads restrained by the sieve

electrode in another droplet comprises transporting a droplet using ¢lectrode mediated

droplet operations onto the sieve electrode to solubilize the first beads therein.
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196.

197.

198.

199.

200.

201.

202.

The method of claim 194 or 195 further comprising removing the droplet comprising first
beads from the droplet actuator and/or conducting one or more steps of an assay using the

droplet comprising first beads.
The method of claim 193 comprising removing the droplet lacking first beads and second
beads from the droplet actuator and/or conducting one or more steps of an assay using the

droplet lacking first beads and second beads.

The method of any of claims 173 and following, wherein the droplet positioned on the

sieve electrode is positioned by:

(a) providing a droplet on an electrode adjacent to the sieve electrode; and

(b) deactivating the adjacent electrode and activating the sieve electrode to cause the

droplet to move from the adjacent electrode onto the sieve electrode.

A method of separating beads from a droplet, wherein:

(a) the droplet comprises first beads having a first size;

(b) the method comprising transporting the droplet through a first sieve electrode
comprising first openings having a size which is selected to restrain first beads

from passing through the first openings to yield a droplet lacking first beads.

The method of claim 199 further comprising solubilizing the first beads restrained by the

sieve electrode in another droplet, yielding a droplet comprising first beads.

The method of claim 200 wherein solubilizing the first beads restrained by the sieve
electrode in another droplet comprises transporting a droplet using electrode mediated

droplet operations onto the sieve electrode to solubilize the first beads therein.
The method of claim 200 or 201 further comprising removing the droplet comprising first

beads from the droplet actuator and/or conducting one or more steps of an assay using the

droplet comprising first beads.
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203.

204.

205.

206.

207.

208.

2009.

The method of claim 199 further comprising removing the droplet lacking first beads
from the droplet actuator and/or conducting one or more steps of an assay using the

droplet lacking first beads.

The method of any of claims 199 and following, wherein:

(a) the droplet comprises further comprises second beads having a second size;

(b) the first openings have a size which is selected to permit second beads to pass
through the first openings to yield a droplet lacking first beads and comprising

second beads;

(c) the method further comprises transporting the droplet lacking first beads and
comprising second beads through a second sieve electrode sieve electrode
comprising openings having a size which is selected to restrain second beads

from passing through the openings to yield a droplet lacking second beads.

The method of claim 205 further comprising solubilizing the second beads restrained by

the sieve electrode in another droplet, yielding a droplet comprising second beads.

The method of claim 206 wherein solubilizing the second beads restrained by the sieve
electrode in another droplet comprises transporting a droplet using electrode mediated

droplet operations onto the sieve electrode to solubilize the second beads therein.

The method of claim 205 or 206 further comprising removing the droplet comprising
second beads from the droplet actuator and/or conducting one or more steps of an assay
using the droplet comprising second beads.

The method of claim 205 further comprising removing the droplet lacking second beads
from the droplet actuator and/or conducting one or more steps of an assay using the

droplet lacking second beads.

A method of providing sub-droplets, the method comprising:
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210.

211.

212.

213.

214.

215.

(a) providing one or more droplet operations substrates:
(i) arranged to form a droplet operations gap; and
(ii) associated with at least one electrode arranged for conducting one or

more droplet operations in the droplet operations gap;

(b) providing a droplet in the droplet operations gap in proximity to the electrode, the
droplet:

(i) surrounded by a liquid filler fluid which is substantially immiscible with

the droplet; and

(ii) having a interfacial tension and position selected such that activation of

the electrode causes the droplet to break apart into sub-droplets;

(c) activating the electrode and causing the droplet to break apart into sub-droplets.

The method of claim 209 wherein the sub-droplets together with surrounding filler fluid

constitute an emulsion.

The method of claim 209 wherein causing the droplet to break apart into sub-droplets

produces at least tens of sub-droplets.

The method of claim 209 wherein causing the droplet to break apart into sub-droplets

produces at least hundreds of sub-droplets.

The method of claim 209 wherein causing the droplet to break apart into sub-droplets

produces at least thousands of sub-droplets.

The method of claim 209 wherein causing the droplet to break apart into sub-droplets

produces at least tens of thousands of sub-droplets.

The method of any of claims 209 and following, wherein the sub-droplets comprise

beads.
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216.

217.

218.

219.

220.

The method of any of claims 209 and following further comprising flowing the sub-
droplets away from the electrode in the filler fluid.

The method of any of claims 209 and following further comprising combining at least a
subset of the sub-droplets with a droplet having a interfacial tension selected to render a
interfacial tension in a resulting combined droplet sufficiently high that activation of the
electrode does not cause the resulting combined droplet to break apart into sub-droplets.
A method of removing liquid from a droplet comprising beads, the method comprising:

(a) providing a first droplet comprising a first set of beads;

(b) clongating the droplet comprising the first set of beads to yield an elongated
droplet;

(©) vertically positioning the elongated droplet to permit the first set of beads to
become concentrated in a first region of the droplet by means of floating and/or
sinking;

(d) splitting the droplet comprising the first set of beads to yield:

(i) a first daughter droplet comprising the first set of beads; and

(ii) a second daughter droplet substantially lacking beads from the first set of
beads.

The method of claim 218 wherein the first set of beads has a density selected to permit
the first set of beads to become concentrated in a first region of the droplet by means of

floating.
The method of claim 218 wherein the first set of beads has a density selected to permit

the first set of beads to become concentrated in a first region of the droplet by means of

sinking.

86



WO 2009/140671 PCT/US2009/044305

221.

222.

223.

224.

225.

226.

227.

228.

229.

The method of any of claims 218 and following, further comprising a second set of
beads.

The method claim 221 wherein:

(a) the second set of beads has a property selected to permit the second set of beads

to become concentrated in a second region of the droplet; and

(b) the second region of the droplet is different from the first region of the droplet.

The method of claim 222 wherein the property of the second set of beads comprises

density.

The method of claim 222 wherein the property of the second set of beads comprises a

dielectrophoretic property.

The method of claim 222 wherein the property of the second set of beads comprises a

magnetic property.

The method of any of claims 221 and following, wherein the second daughter droplet

comprises the second set of beads.

The method of any of claims 221 and following, further comprising a third set of beads.

The method claim 227 wherein:

(a) the third set of beads has a property selected to permit the third set of beads to

become concentrated in a third region of the droplet; and

(b) the third region of the droplet is different from the first and second regions of the
droplet.

The method of claim 228 wherein the property of the third set of beads comprises
density.

87



WO 2009/140671 PCT/US2009/044305

230.

231.

232.

The method of claim 228 wherein the property of the third set of beads comprises a

dielectrophoretic property.

The method of claim 228 wherein the property of the third set of beads comprises a

magnetic property.
The method of any of claims 221 and following, wherein splitting the droplet comprising

the first set of beads further yields a third daughter droplet comprising the third set of
beads.
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