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BEAD INCUBATION AND WASHING ON A
DROPLET ACTUATOR

1 RELATED APPLICATIONS

[0001] This application 1s a continuation of and incorpo-
rates by reference U.S. patent application Ser. No. 16/811,
789, entitled “Bead Incubation and Washing on a Droplet
Actuator” filed Mar. 6, 2020, which 1s a continuation of and
incorporates by reference U.S. patent application Ser. No.
16/132,175 (now U.S. Pat. No. 10,585,090 i1ssued Mar. 10,
2020), entitled “Bead Incubation and Washing on a Droplet
Actuator” filed Sep. 14, 2018, which 1s a divisional of and
incorporates by reference U.S. patent application Ser. No.
15/210,634 (now U.S. Pat. No. 10,078,078 1ssued Sep. 18,
2018), entitled “Bead Incubation and Washing on a Droplet
Actuator” filed Jul. 14, 2016, which 1s a continuation of and
incorporates by reference U.S. patent application Ser. No.
14/731,740 (now U.S. Pat. No. 9,395,361 1ssued Jul. 19,
2016), entitled “Bead Incubation and Washing on a Droplet
Actuator” filed on Jun. 5, 2015, which 1s a continuation of
and incorporates by reference U.S. patent application Ser.
No. 14/466,193 (now U.S. Pat. No. 9,081,007 1ssued Jul. 14,
2015), entitled “Bead Incubation and Washing on a Droplet
Actuator” filed on Aug. 22, 2014, which 1s a continuation of
and incorporates by reference U.S. patent application Ser.
No. 14/081,376 (now U.S. Pat. No. 8,846,410 1ssued Sep.
30, 2014), entitled “Bead Incubation and Washing on a
Droplet Actuator” filed on Nov. 15, 2013, which 1s a
divisional of and incorporates by reference U.S. patent
application Ser. No. 13/081,927 (now U.S. Pat. No. 8,637,
324 1ssued Jan. 28, 2014), entitled “Bead Incubation and
Washing on a Droplet Actuator” filed on Apr. 7, 2011, which
1s a continuation-in-part of U.S. patent application Ser. No.
11/639,531 (now U.S. Pat. No. 8,613,889 issued Dec. 24,
2013), entitled “Droplet-based washing” filed on Dec. 15,
2006. U.S. patent application Ser. No. 14/466,193 (now U.S.
Pat. No. 9,081,007 1ssued Jul. 14, 2015), 1s a continuation-
in-part of U.S. patent application Ser. No.: 11/639,736 (now
U.S. Pat. No. 7,439,014 1ssued Oct. 21, 2008), entitled
“Droplet-Based Surface Modification and Washing™ filed on
Dec. 15, 2006; Ser. No. 12/113,385 (now U.S. Pat. No.
8,541,176 1ssued Sep. 24, 2013), entitled “Droplet-Based
Surface Modification and Washing” filed on May 1, 2008,
the application of which 1s a divisional of and incorporates

by reference U.S. patent application Ser. No. 11/639,736
(now U.S. Pat. No. 7,439,014 issued Oct. 21, 2008); Ser. No.

12/615,609 (now U.S. Pat. No. 8,313,895 1ssued Nov. 20,
2012), entitled “Droplet-Based Surface Modification and
Washing” filed on Oct. 10, 2009, the application of which 1s
a continuation of and incorporates by reference U.S. patent
application Ser. No. 12/113,385 (now U.S. Pat. No. 8,541,
1’76 1ssued Sep. 24, 2013), which 1s a divisional of U.S.
patent application Ser. No. 11/639,736 (now U.S. Pat. No.
7,439,014 1ssued Oct. 21, 2008); and Ser. No. 12/615,666,
entitled “Droplet-Based Surtface Modification and Washing™
filed on Nov. 10, 2009, the application of which 1s a
continuation of and incorporates by reference U.S. patent
application Ser. No. 12/113,385 (now U.S. Pat. No. 8,341,
176 1ssued Sep. 24, 2013), which 1s a divisional of U.S.
patent application Ser. No. 11/639,736 (now U.S. Pat. No.
7,439,014 1ssued Oct. 21, 2008). U.S. patent application Ser.
No.: 11/639,331 (now U.S. Pat. No. 8,613,889 1ssued Dec.
24, 2013) and Ser. No. 11/639,736 (now U.S. Pat. No.
7,439,014 1ssued Oct. 21, 2008) claim priority to and
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incorporate by reference related provisional U.S. Provi-
sional Patent Application Nos.: 60/745,038, entitled “Filler
Fluids for Droplet-Based Microfluidics™ filed on Apr. 18,
2006; 60/745,039, entitled “Apparatus and Methods for
Droplet-Based Blood Chemistry,” filed on Apr. 18, 2006;
60/745,043, entitled “Apparatus and Methods for Droplet-
Based PCR,” filed on Apr. 18, 2006; 60/745,059, entitled
“Apparatus and Methods for Droplet-Based Immunoassay,”
filed on Apr. 18, 2006; 60/745,914, entitled “Apparatus and

Method for Manipulating Droplets with a Predetermined
Number of Cells” filed on Apr. 28, 2006; 60/745,950,

entitled “Apparatus and Methods of Sample Preparation for
a Droplet Microactuator,” filed on Apr. 28, 2006; 60/746,797
entitled “Portable Analyzer Using Droplet Based Microflu-
idics,” filed on May 9, 2006; 60/746,801, entitled “Appa-
ratus and Methods for Droplet-Based Immuno-PCR,” filed
on May 9, 2006; 60/806,412, entitled “Systems and Methods
for Droplet Microactuator Operations,” filed on Jun. 30,
2006; and 60/807,104, entitled “Method and Apparatus for
Droplet Based Nucleic Acid Amplification,” filed on Jul. 12,
2006.

[0002] Additionally, U.S. patent application Ser. No.
13/081,927 (now U.S. Pat. No. 8,637,324 1ssued Jan. 28,
2014), 1s a continuation of, claims priority to, and incorpo-
rates by reference International Patent Application Ser. No.
PCT/US2009/059868, entitled “Bead Incubation And Wash-
ing On A Droplet Actuator” International filing date of Oct.
7, 2009, the application of which claims priority to U.S.
Provisional Patent Application Nos.: 61/103,302, filed on
Oct. 7, 2008, entitled “Bead Incubation and Washing on a
Droplet Actuator” and 61/122,791, filed on Dec. 16, 2008,
entitled “Bead Incubation and Washing on a Droplet Actua-
tor,” the entire disclosures of which are incorporated herein
by reference.

[0003] Fach of the patents and patent applications pro-
vided herein 1s incorporated by reference 1n its entirety.

2 GRANT INFORMAITTON

[0004] This invention was made with government support

under AI066590, HG003706, and CA114993 awarded by
the National Institutes of Health. The United States Gov-
ernment has certain rights 1n the ivention.

3 FIELD OF TH

T

INVENTION

[0005] The present invention provides methods and appa-
ratuses for incubating and washing magnetically responsive
beads on a droplet actuator. More specifically the present
invention provides methods for incubating magnetically
responsive beads that are labeled with primary antibody, a
sample (i.e., analyte), and secondary reporter antibodies on
a magnet, on and ofl a magnet, and completely off a magnet.
The mvention also provides methods for washing magneti-
cally responsive beads using shape-assisted merging of
droplets. The invention also provides methods for shape-
mediated splitting, transporting, and dispensing of a sample
droplet that contains magnetically responsive beads. The
methods of the invention provide for rapid time to result and
optimum detection of an analyte 1n an 1immunoassay.

4 BACKGROUND OF THE INVENTION

[0006] Droplet actuators are used to conduct a wide vari-
ety ol droplet operations. A droplet actuator typically
includes two substrates separated by a gap. The substrates
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include electrodes for conducting droplet operations. The
gap between the substrates 1s typically filled with a filler
fluad that 1s immuascible with the flud that 1s to be subjected
to droplet operations. Droplet operations are controlled by
clectrodes associated with one or both of the substrates.
Droplet actuators are used 1 a variety of applications,
including molecular diagnostic assays, such as immunoas-
says where time to result 1s directly affected by the protocols
used for each step of the assay. The most time consuming,
steps 1n an immunoassay are incubation and washing. “Time
to result” 1s directly aflected by the protocols used for
incubation, the duration of time for incubating the antibodies
and the antigens, and the duration of time for incubating the
substrate with sandwich beads, all of which may depend on
the mixing efliciency within the droplets and the reaction
and binding kinetics. The amount of washing required to
obtain the required sensitivity may also influence the total
time to result for immunoassays. There 1s a need for eflicient
incubation and washing protocols for immunoassays on a
droplet actuator that provide for rapid time to result and
optimum detection of an analyte.

> BRIEF DESCRIPTION OF THE INVENTION

[0007] The present mvention 1s directed to bead incuba-
tion and washing on a droplet actuator. The methods
described herein may include providing a droplet including
one or more magnetically responsive beads. The methods
may include exposing the magnetically responsive beads in
the droplet to a first region of a magnetic field capable of
substantially attracting magnetically responsive beads 1n the
droplet. The methods may include separating the droplet
from the first region of the magnetic field, the magnetically
responsive beads remaining in the magnetic field. The
magnetically responsive beads may be separated from the
droplet while exposing the magnetically responsive beads 1n
the droplet to a first region of a magnetic field and/or while
the droplet 1s being separated from the first 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.

[0008] In one embodiment, a method of incubating drop-
lets having magnetically responsive beads 1s provided and
comprises providing a droplet actuator comprising droplet
operations electrodes arranged for conducting droplet opera-
tions on a droplet operations surface and a magnet posi-
tioned relative to the droplet operations surface such that a
droplet controlled by one or more of the droplet operations
clectrodes may be positioned within or away from a first
region of the magnet’s magnetic field capable of substan-
tially attracting magnetically responsive beads 1n the drop-
let. The method also comprises positioning a droplet having
magnetically responsive beads therein at a location on the
droplet operations surface within the first region of the
magnetic field to form a concentration of beads in the
droplet; transporting the droplet through activation of
selected droplet operations electrodes away from the first
region of the magnetic field, thereby resuspending the mag-
netically responsive beads in the droplet; operating the
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droplet operations electrodes to cause the droplet to split into
two droplets, thereby redistributing the magnetically respon-
sive beads; and operating the droplet operations electrodes
to merge the two droplets into a single droplet.

[0009] In another embodiment, a method of incubating
droplets having magnetically responsive beads therein 1is
provided and comprises providing a droplet actuator com-
prising droplet operations electrodes arranged for conduct-
ing droplet operations on a droplet operations surface and a
magnet positioned relative to the droplet operations surface
such that a droplet controlled by one or more of the droplet
operations electrodes may be positioned within or away
from a first region of the magnet’s magnetic field capable of
substantially attracting magnetically responsive beads 1n the
droplet. The method also comprises positioning a droplet
having magnetically responsive beads therein at a location
within the first region of the magnetic field of the magnet to
form a concentration of beads 1n the droplet; transporting the
droplet through activation of selected droplet operations
clectrodes away from the first region of the magnetic field of
the magnet to resuspend the magnetically responsive beads
in the droplet; operating the droplet operations electrodes to
cause the droplet to elongate and then split into two droplets
at a location away from the magnet; and operating the
droplet operations electrodes to merge the two droplets into
a single droplet at a location away from the magnet, whereby
the transporting, splitting, and merging comprise an 1ncu-
bation cycle.

[0010] Invyetanother embodiment, a method of incubating
droplets having magnetically responsive beads therein 1is
provided and comprises providing a droplet actuator com-
prising droplet operations electrodes arranged for conduct-
ing droplet operations on a droplet operations surface and a
magnet positioned relative to the droplet operations surtace
such that a droplet controlled by one or more of the droplet
operations ¢lectrodes may be positioned within or away
from a first region of the magnet’s magnetic field capable of
substantially attracting magnetically responsive beads in the
droplet. The method further comprises positioning a droplet
having magnetically responsive beads therein on a droplet
operations electrode, the droplet having a footprint approxi-
mately two times the area of a single droplet operations
clectrode; transporting the droplet through activation of
selected droplet operations electrodes 1n one direction 1n a
manner elongating the droplet; and operating the droplet
operations electrodes 1n a manner to cause the droplet to be
transported 1n an opposite direction to cause mixing and
incubation within the droplet.

[0011] In a further embodiment, a method of washing
magnetically responsive beads for separating and removing
unbound material 1s provided and comprises providing a
droplet actuator comprising droplet operations electrodes
arranged for conducting droplet operations on a droplet
operations surface and a magnet positioned relative to the
droplet operations surface such that a droplet controlled by
one or more of the droplet operations electrodes may be
positioned within or away from a first region of the magnet’s
magnetic field capable of substantially attracting magneti-
cally responsive beads 1n the droplet. The method further
comprises positioning a droplet having magnetically respon-
s1ive beads therein to have a first region of the droplet within
the first region of the magnetic field to form a concentration
of beads; at another end of the magnetic field, positioning a
wash butler droplet such that a first region of the wash bufler
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droplet 1s within the first region of the magnetic field;
operating the droplet operations electrodes to merge the
droplet and the wash droplet to cause redistribution of beads;
operating the droplet operation electrodes to cause the
merged droplet to partially move away from the magnet, and
to cause beads i1n the droplet to concentrate 1n the merged
droplet; and operating the droplet operations electrodes to
split the merged droplet to form a supernatant droplet
containing unbound reagents.

[0012] In a still further embodiment, a method of resus-
pending magnetically responsive beads between wash
cycles 1s provided and comprises providing a droplet actua-
tor comprising droplet operations electrodes arranged for
conducting droplet operations on a droplet operations sur-
face and a magnet positioned relative to the droplet opera-
tions surface such that a droplet controlled by one or more
of the droplet operations eclectrodes may be positioned
within or away from a {irst region of the magnet’s magnetic
field capable of substantially attracting magnetically respon-
sive beads 1n the droplet. The method further comprises
positioning a droplet having magnetically responsive beads
therein at a location partially overlapping the first region of
the magnetic field; transporting the droplet through activa-
tion of selected droplet operations electrodes away from the
first region of the magnetic field; operating the droplet
operations electrodes to cause the droplet to move towards
the first region of the magnetic field; and repeating the
transporting and operating steps to cause suflicient resus-
pension of beads such that unbound material may be eflec-
tively removed 1n subsequent wash cycles.

[0013] In another embodiment, a droplet actuator device
having a structure for conducting a bead washing protocol 1s
provided and comprises an array of droplet operations
clectrodes configured to provide a plurality of individual
wash lanes, and a single waste lane intersecting each one of
the plurality of wash lanes; and waste wells associated at the
end of each one of the plurality of wash lanes, and at the end
of the single waste lane.

[0014] In yet another embodiment, a method of separating
magnetically responsive beads from a droplet 1s provided
and comprises providing a droplet actuator comprising drop-
let operations electrodes arranged for conducting droplet
operations on a droplet operations surface and a magnet
positioned relative to the droplet operations surface such that
a droplet controlled by one or more of the droplet operations
clectrodes may be positioned within or away from a {first
region ol the magnet’s magnetic field capable of substan-
tially attracting magnetically responsive beads 1n the drop-
let. The method further comprises positioning a droplet
having magnetically responsive beads therein within the first
region of the magnetic field of the magnet to cause the
magnetically responsive beads to be attracted to the magnet,
and activating the droplet operations surface to cause the
droplet to be circular 1n shape; operating the droplet opera-
tions surface to cause the droplet to move away from the first
region ol the magnetic field to form a concentration of
magnetically responsive beads 1n the droplet, and the droplet
operations surface being operated to cause the droplet to be
transported away from the magnet one droplet operations
clectrode at a time, to cause the geometry of the droplet to
be distorted; and continuing to transport the droplet away
from the magnet to cause the concentration of magnetically
responsive beads to break away from the droplet to result in
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a relatively small and highly concentrated magnetically
responsive bead droplet left behind and held immobilized by
the magnet.

[0015] In a further embodiment, a method of transporting
magnetically responsive beads within droplets 1s provided
and comprises providing a droplet actuator comprising drop-
let operations electrodes arranged for conducting droplet
operations on a droplet operations surface and a magnet
positioned relative to the droplet operations surtace such that
a droplet controlled by one or more of the droplet operations
clectrodes may be positioned within or away from a first
region of the magnet’s magnetic field capable of substan-
tially attracting magnetically responsive beads 1n the drop-
let. The method further comprises positioning a droplet
having magnetically responsive beads located therein at a
location wherein the droplet partially overlaps the magnet;
operating the droplet operations electrodes to subject an
edge of the droplet nearest the magnet to both a magnetic
force from the first region of the magnetic field and an
clectrowetting force from the droplet operations electrodes,
and to subject an edge of the droplet furthest from the
magnet only to an electrowetting force, to cause the droplet
to be transported away from the magnet while retaining the
magnetically responsive beads within the droplet; and con-
tinuing to transport the droplet away from the magnet to
cause the magnetically responsive beads to be redistributed
within the droplet.

[0016] In a still further embodiment, a method of separat-
ing beads from a droplet onto a magnet 1s provided and
comprises providing a droplet actuator comprising droplet
operations electrodes arranged for conducting droplet opera-
tions on a droplet operations surface and a magnet posi-
tioned relative to the droplet operations surface such that a
droplet controlled by one or more of the droplet operations
clectrodes may be positioned within or away from a first
region of the magnet’s magnetic field capable of substan-
tially attracting magnetically responsive beads in the drop-
let. The method further comprises positioning a droplet
having magnetically responsive beads therein within the first
region of the magnetic field of the magnet to cause the beads
to be attracted to the magnet, and activating the droplet
operations surface in a manner to cause the droplet to take
an elongate shape; operating the droplet operations surface
to activate one electrode at a time, to cause the droplet to
move away from the magnet, and thereby cause the geom-
etry of the droplet to be distorted; and continuing to operate
the droplet operations surface to transport the droplet further
away from the magnet and inactivating an electrode inter-
mediate to the droplet to cause the droplet to split into a
supernatant droplet and a smaller droplet that has the mag-
netically responsive beads therein.

[0017] In another embodiment, a droplet actuator structure
for extracting DNA from a sample 1s provided and com-
prises at least six on-actuator reservoirs interconnected for
storing and dispensing different reagents onto the droplet
actuator; and the reservoirs interconnected through paths of
droplet operations electrodes, including at least two paths
having magnets associated therewith, and a bead collection
reservoir connected to the six on-actuator reservoirs through
the droplet operations electrodes paths.

[0018] In yet another embodiment, a method of extracting
DNA from whole blood 1s provided and comprises using a
droplet actuator comprising at least six on-actuator reser-
volirs 1nterconnected for storing and dispensing different
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reagents onto the droplet actuator; and the reservoirs inter-
connected through paths of droplet operations electrodes,
including at least two paths having magnets associated
therewith, and a bead collection reservoir connected to the
s1X on-actuator reservoirs through the droplet operations
clectrodes paths. The method further comprises dispensing a
droplet of magnetically responsive beads suspended 1n a
lysis buller from a first of the six on-actuator reservoirs, and
transporting the droplet through the droplet operations elec-
trodes to a specific location having one of the magnets
associated with the location, to hold the magnetically
responsive beads within the droplet thereon; dispensing
droplets of whole blood from a second reservoir and lysis
bufler from a third reservoir mto a fourth mixing reservoir
to be mixed therein to form a cell lysate; dispensing droplets
of the cell lysate across the magnetically responsive beads 1n
succession and removing supernatant from the droplets
while holding the magnetically responsive beads; dispensing,
wash droplets from at least a fifth reservoir to wash the
magnetically responsive beads to remove cell debris; and
cluting and collecting DNA captured on the magnetically
responsive beads at the bead collection reservotr.

[0019] In a further embodiment, a method of detecting a
component 1n a sample 1s provided and comprises providing
a droplet actuator comprising droplet operations electrodes
arranged for conducting droplet operations on a droplet
operations surface; a magnet positioned related to the drop-
let operations surface such that a droplet controlled by one
of more droplet operations electrodes may be positioned
within or away from a first region of the magnet’s magnetic
ficld capable of substantially attracting magnetically respon-
sive beads 1n the droplet; and a wash reservoir at one end of
the arrangement of droplet operations electrodes. The
method further comprises positioning a droplet having mag-
netically responsive beads located therein, the magnetically
responsive beads being coated with an antibody having an
aflinity for a specific target antigen, away from the magnet;
operating the droplet operations surface 1 a manner to
repeatedly transport the droplet back and forth, away from
the magnet, 1n a manner to provide suilicient resuspension
and mixing of the magnetically responsive beads for anti-
body and antigen binding; operating the droplet operations
surface 1n a manner to transport the droplet to a location
within the first region of the magnetic field, and splitting ol
a supernatant droplet from the droplet by selectively oper-
ating the droplet operations surface, and retaining the mag-
netically responsive beads at the magnet; operating the
droplet operations electrodes to transport a reagent droplet to
the droplet operations electrode 1n the first region of the
magnetic field to merge the reagent droplet with the droplet
containing the magnetically responsive beads, and transport-
ing the merged droplet back and forth, at a location away
from the magnet, to cause incubation; and transporting the
merged droplet through operation of the droplet operations
clectrodes to the droplet operations electrode at the magnet
and splitting ofl a supernatant droplet through operation of
the droplet operations electrodes.

6 DEFINITIONS

[0020] As used herein, the following terms have the mean-
ings indicated.
[0021] “‘Activate” with reference to one or more electrodes

means ellecting a change 1n the electrical state of the one or
more electrodes which results 1n a droplet operation.
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[0022] “‘Bead,” with respect to beads on a droplet actuator,
means any bead or particle that 1s capable of interacting with
a droplet on or i 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 1n 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.

[0023] 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; 1 other
cases beads are not significantly magnetically responsive.
For magnetically responsive beads, the magnetically respon-
sive material may 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 are
described 1n U.S. Patent Publication No. 2005-0260686,
entitled, “Multiplex tlow assays preferably with magnetic
particles as solid phase,” published on Nov. 24, 2005, the
entire disclosure of which 1s incorporated herein by refer-
ence for its teaching concerning magnetically responsive
materials and beads. The fluids may include one or more
magnetically responsive and/or non-magnetically respon-
sive beads. Examples of droplet actuator techmiques 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 Ser. No. 11/639,566, entitled “Droplet-Based
Particle Sorting,” filed on Dec. 15, 2006; U.S. Patent Appli-
cation No. 61/039,183, entitled “Multiplexing Bead Detec-
tion 1n a Single Droplet,” filed on Mar. 25, 2008; U.S. Patent
Application No. 61/047,789, entitled “Droplet Actuator
Devices and Droplet Operations Using Beads,” filed on Apr.
25, 2008; U.S. Patent Application No. 61/086,183, entitled
“Droplet Actuator Devices and Methods for Manipulating
Beads,” filed on Aug. 5, 2008; International Patent Appli-
cation No. PCT/US2008/0535435, entitled “Droplet Actuator
Devices and Methods Employing Magnetic Beads,” filed on
Feb. 11, 2008; International Patent Application No. PCT/
US2008/058018, entitled “Bead-based Multiplexed Analyti-
cal Methods and Instrumentation,” filed on Mar. 24, 2008;
International Patent Application No. PCT/US2008/058047,
“Bead Sorting on a Droplet Actuator,” filed on Mar. 23,
2008; and International Patent Application No. PCT/
US2006/047486, entitled “Droplet-based Biochemistry,”
filed on Dec. 11, 2006; the entire disclosures of which are
incorporated herein by reference.

[0024] “‘Droplet” means a volume of liquid on a droplet
actuator that 1s 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,
cllipsoid, spherical, partially compressed sphere, hemi-
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spherical, 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.

[0025] “‘Droplet Actuator” means a device for manipulat-
ing droplets. For examples of droplets, see U.S. Pat. No.
6,911,132, entitled *“Apparatus for Manipulating Droplets by
Electrowetting-Based Techniques,” 1ssued on Jun. 28, 2005
to Pamula et al.; U.S. patent application Ser. No. 11/343,284,
entitled “Apparatuses and Methods for Manipulating Drop-
lets on a Printed Circuit Board,” filed on filed on Jan. 30,

2006; U.S. Pat. No. 6,773,566, entitled “Electrostatic Actua-
tors for Microfluidics and Methods for Using Same,” 1ssued
on Aug. 10, 2004 and U.S. Pat. No. 6,565,727, entitled
“Actuators for Microfluidics Without Moving Parts,” 1ssued
on Jan. 24, 2000, both to Shenderov et al.; Pollack et al.,
International Patent Application No. PCT/US2006/047486,
entitled “Droplet-Based Biochemistry,” filed on Dec. 11,
2006, the disclosures of which are incorporated herein by
reference. Methods of the invention may be executed using
droplet actuator systems, e.g., as described in International
Patent Application No. PCT/US2007/009379, entitled
“Droplet manipulation systems,” filed on May 9, 2007. In
various embodiments, the manipulation of droplets by a
droplet actuator may be electrode mediated, e.g., electrowet-
ting mediated or dielectrophoresis mediated.

[0026] “‘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; retaining a droplet
in position; icubating a droplet; heating a droplet; vapor-
1zing a droplet; condensing a droplet from a vapor; cooling
a droplet; disposing of 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,” “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
1s used in reference to two or more droplets, any combina-
tion of droplet operations suilicient to result 1n the combi-
nation 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 nto
contact with each other. The terms *“splitting,” “separating”
and “dividing” are not intended to imply any particular
outcome with respect to size of the resulting droplets (i.e.,
the size 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 1n more homogenous
distribution of one or more components within a droplet.
Examples of “loading” droplet operations include microdi-
alysis loading, pressure assisted loading, robotic loading,
passive loading, and pipette loading. In various embodi-
ments, the droplet operations may be electrode mediated,
¢.g., electrowetting mediated or dielectrophoresis mediated.
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[0027] “Filler flmd” means a fluid associated with a drop-
let operations substrate of a droplet actuator, which fluid 1s
sufliciently immiscible with a droplet phase to render the
droplet phase subject to electrode-mediated droplet opera-
tions. The filler fluid may, for example, be a low-viscosity
o1l, such as silicone oi1l. Other examples of filler fluids are
provided 1n International Patent Application No. PCT/
US2006/047486, entitled, “Droplet-Based Biochemistry,”
filed on Dec. 11, 2006; and in International Patent Applica-
tion No. PCT/US2008/072604, entitled “Use of additives for
enhancing droplet actuation,” filed on Aug. 8, 2008.

[0028] ““Immobilize” with respect to magnetically respon-
sive beads, means that the beads are substantially restrained
in position 1n a droplet or 1n filler fluid on a droplet actuator.
For example, in one embodiment, immobilized beads are
suiliciently 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 1n the beads.

[0029] “Magnetically responsive” means responsive to a
magnetic field. “Magnetically responsive beads” include or
are composed ol magnetically responsive materials.
Examples of magnetically responsive materials include
paramagnetic materials, ferromagnetic materials, ferrimag-
netic materials, and metamagnetic materials. Examples of
suitable paramagnetic materials include 1ron, nickel, and
cobalt, as well as metal oxides, such as Fe;O,, BaFe,,O,,.
Co0O, N10, Mn,O,, Cr,0O,, and CoMnP.

[0030] “Washing” with respect to washing a magnetically
responsive bead means reducing the amount and/or concen-
tration of one or more substances 1n contact with the
magnetically responsive bead or exposed to the magnetically
responsive bead from a droplet in contact with the magneti-
cally responsive bead. The reduction 1n 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 sub-
stances 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 1n contact with a magnetically respon-
sive bead, where the droplet includes an initial amount and
initial concentration of a substance. The washing operation
may proceed using a variety ol droplet operations. The
washing operation may vyield a droplet including the mag-
netically responsive bead, where the droplet has a total
amount and/or concentration of the substance which 1s less
than the initial amount and/or concentration of the sub-
stance. Other embodiments are described elsewhere herein,
and still others will be immediately apparent 1n view of the
present disclosure.

[0031] The terms “top” and “bottom”™ are used throughout
the description with reference to the top and bottom sub-
strates of the droplet actuator for convenience only, since the
droplet actuator 1s functional regardless of its position 1n
space.

[0032] ““Transporting into the magnetic field of a magnet,”
“transporting towards a magnet,” and the like, as used herein
to refer to droplets and/or magnetically responsive beads
within droplets, 1s intended to refer to transporting into a
region ol a magnetic field capable of substantially attracting
magnetically responsive beads in the droplet. Similarly,
“transporting away from a magnet or magnetic field,” “trans-
porting out of the magnetic field of a magnet,” and the like,
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as used herein to refer to droplets and/or magnetically
responsive beads within droplets, 1s mtended to refer to
transporting away from a region of a magnetic field capable
of substantially attracting magnetically responsive beads 1n
the droplet, whether or not the droplet or magnetically
responsive beads 1s completely removed from the magnetic
field. It will be appreciated that 1n any of such cases
described herein, the droplet may be transported towards or
away from the desired region of the magnetic field, and/or
the desired region of the magnetic ficld may be moved
towards or away from the droplet. Reference to an electrode,
a droplet, or magnetically responsive beads being “within”
or “imn” a magnetic field, or the like, 1s intended to describe
a situation i which the electrode 1s situated in a manner
which permits the electrode to transport a droplet into and/or
away from a desired region of a magnetic field, or the droplet
or magnetically responsive beads 1s/are situated 1n a desired
region of the magnetic field, 1n each case where the magnetic
field 1n the desired region 1s capable of substantially attract-
ing any magnetically responsive beads 1n the droplet. Simi-
larly, reference to an electrode, a droplet, or magnetically
responsive beads being “outside of” or “away from” a
magnetic field, and the like, 1s intended to describe a
situation 1n which the electrode 1s situated 1n a manner which
permits the electrode to transport a droplet away from a
certain region of a magnetic field, or the droplet or mag-
netically responsive beads 1s/are situated away from a cer-
tain region ol the magnetic field, in each case where the
magnetic field in such region 1s capable of substantially
attracting any magnetically responsive beads in the droplet.

[0033] When a liquid 1 any form (e.g., a droplet or a
continuous body, whether movingor stationary) 1s described
as being “on”, “at”, or “over” an electrode, array, matrix or
surface, such liquid could be either in direct contact with the
clectrode/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.

[0034] When a droplet 1s described as being “on” or
“loaded on” a droplet actuator, 1t should be understood that
the droplet 1s 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 1s
arranged on the droplet actuator in a manner which facili-
tates 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.

7 BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIGS. 1A, 1B, 1C, 1D, and 1E 1illustrate top views
of an example of a region of a droplet actuator and show a
process ol icubating beads on a magnet;

[0036] FIGS. 2A, 2B, 2C, 2D, and 2F 1illustrate top views
of an example of a region of a droplet actuator of FIGS. 1A
through 1E and show a process of incubating droplets that
include magnetically responsive beads on and oil a magnet;

[0037] FIGS. 3A, 3B, 3C, 3D, and 3F illustrate top views
of an example of a region of a droplet actuator and show a

process of incubating droplets that include magnetically
responsive beads completely ofl a magnet;

[0038] FIG. 4 shows a plot of a comparison of incubation
time between on-magnet and ofl-magnet imncubation proto-
cols of FIG. 1 and FIG. 2, respectively, on immunoassay
performance measured 1n chemiluminescence;
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[0039] FIGS. SA, 5B, 5C, 5D, and SE show a top view of
a region of a droplet actuator and a process of washing
magnetically responsive beads using shape-assisted merging
of droplets;

[0040] FIG. 6 shows a plot of a comparison of washing
protocols between slug shaped and circular shaped wash
droplets on immunoassay performance measured in chemi-
luminescence;

[0041] FIGS.7A, 7B, 7C, and 7D illustrate top views of an
example of a region of a droplet actuator of FIGS. 5A
through 5E and show a process of resuspending magneti-
cally responsive beads between wash cycles;

[0042] FIGS. 8A and 8B show plots of a comparison of
washing protocols of FIG. 5 without resuspension cycles
and with resuspension cycles, respectively;

[0043] FIG. 91llustrates a top view of a region of a droplet
actuator 900 that includes multiple waste wells;

[0044] FIGS. 10A, 10B, and 10C show a top view of a
region of a droplet actuator and a process of separating beads

from a sample droplet;
[0045] FIGS. 11A, 11B, and 11C show a top view of a

region of a droplet actuator of FIGS. 10A through 10C and
a process of transporting beads within a droplet;

[0046] FIGS. 12A, 12B, and 12C show a top view of a
region of a droplet actuator of FIGS. 10A through 10C and
another process of separating beads from a sample droplet
onto a magnet;

[0047] FIGS. 13A and 13B show a comparison of bench
top and droplet actuator immunoassay reagent ratios and a
plot of reagent concentration versus signal strength, respec-
tively, that provide for optimum droplet based immunoassay
performance;

[0048] FIG. 14 shows a plot of the kinetics of a reaction
between a chemiluminescent substrate and ALP reporter on
magnetically responsive beads for Troponin I (Tnl);
[0049] FIG. 15 1s a top view of a droplet actuator that may
be used for extracting DNA from a whole blood sample;
[0050] FIGS. 16A and 16B illustrate top views of an
example of a portion of a droplet actuator and show a
process of cytokine detection on a droplet actuator;

[0051] FIG. 17 shows a plot of two 5-point standard
curves for cytokine IL-6; and

[0052] FIG. 18 shows a plot of two 6-point standard
curves for cytokine TNF-c.

3 DETAILED DESCRIPTION OF THE
INVENTION

[0053] The present invention provides methods and appa-
ratuses for incubating and washing magnetically responsive
beads on a droplet actuator. More specifically the present
invention provides methods for incubating magnetically
responsive beads that are labeled with primary antibody, a
sample (i.e., analyte), and secondary reporter antibodies on
a magnet, on and ofl a magnet, and completely off a magnet.
The mvention also provides methods for washing magneti-
cally responsive beads using shape-assisted merging of
droplets. The invention also provides methods for shape-
mediated splitting, transporting, and dispensing of a sample
droplet that contains magnetically responsive beads. The
methods of the invention provide for rapid time to result and
optimum detection of an analyte 1n an 1immunoassay.
[0054] In an alternative embodiment of the mvention, a
droplet actuator may be used to extract human genomic
DNA from a sample.
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8.1 Incubation Protocols

[0055] Incubation protocols on a droplet actuator are gen-
erally comprised of transporting a droplet (e.g., a droplet that
includes an antigen, primary capture antibodies conjugated
to magnetically responsive beads, and secondary reporter
antibodies) along a path of electrodes by use of splitting and
merging operations that are inserted between transport
cycles. Transporting, splitting, and merging the droplet
ensures that the beads are well distributed (1.e., mixed)
within the droplet. An incubation cycle (e.g., transport, split,
and merge) may be repeated two or more times. The high
mixing etliciency provided by a series of incubation cycles
provides for suilicient antigen-antibody binding.

[0056] Magnetically responsive beads have a tendency to
settle and form aggregates due to gravity and/or continued
exposure to strong magnetic forces. These aggregates reduce
the available surface area for binding and slow down reac-
tion kinetics and, consequently, the time to result and
sensitivity of the assay. Moreover, interstices 1n magneti-
cally responsive bead aggregates can hold unbound species
that leads to ineflective washing. This may result in less
sensitive assays and 1naccuracies between assays due to
differing amounts of unbound species held 1n the interstices.
Therefore, 1t 1s useful to keep the beads dispersed or
resuspended during incubation and in the steps immediately
following separation for further processing of the droplets
away Irom the magnets. Resuspension of magnetically
responsive beads within droplets, akin to rigorous vortexing,
of bench scale systems, may be achieved by moving the
bead droplet back and forth and exploiting the inherent
circulatory flow patterns that are developed during droplet
transport.

[0057] FIGS. 1A, 1B, 1C, 1D, and 1FE 1illustrate top views
of an example of a region of a droplet actuator 100 and show
a process ol incubating droplets that include magnetically
responsive beads on a magnet. The method of the invention
of FIGS. 1A through 1E i1s an example of an incubation
method wherein a droplet 1s transported mnto the magnetic
field of a magnet and a series of split and merge droplet
operations are performed to resuspend the beads within the
droplet. Because of the magnet field, resuspension of the
beads 1s primarily 1n the X-Y direction.

[0058] Droplet actuator 100 may include a path or array of
droplet operations electrodes 110 (e.g., electrowetting elec-
trodes). A magnet 114 1s arranged 1n close proximity to
droplet operations electrodes 110. In particular, magnet 114
1s arranged such that certain droplet operations electrodes
100 (e.g., 3 droplet operations electrodes 110M) are within
the magnetic field of magnet 114. Magnet 114 may, for
example, be a permanent magnet or an electromagnet.
Droplet actuator 100 may contain a droplet 118 that may be
transported along droplet operations electrodes 110 wvia
clectrowetting and upon which droplet operations may be
performed. Droplet 118 may, for example, be a 3x droplet,
meaning that its footprint 1s approximately 3 times the area
of one droplet operations electrode 110. Droplet 118 may, for
example, include 1 part magnetically responsive beads and
2 parts sample. Droplet 118 may, for example, be a sample
droplet that includes an analyte (e.g., an antigen) to be
evaluated.

[0059] Droplet 118 may include one or more beads 122,
which may be magnetically responsive beads. Beads 122
may have an athimity for certain target substances, such as,
for example, a certain type of cell, protein, nucleic acid
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and/or antigen. In one example, beads 122 are coated with
a primary antibody with aflinity for a specific target antigen.

[0060] FIG. 1A shows a first step 1n a process of incubat-
ing droplets that includes magnetically responsive beads on
a magnet. In this step, droplet 118 that has beads 122 therein
1s positioned adjacent to and overlapping droplet operations
clectrodes 110M, which 1s within the magnetic field of
magnet 114. Because beads 122 are magnetically respon-

s1ve, a concentration of beads 1s formed at the side of droplet
118 that 1s closest to magnet 114.

[0061] FIG. 1B shows another step in the process of
incubating droplets that include magnetically responsive
beads on a magnet. In this step, droplet 118 1s transported via
clectrowetting to adjacent electrodes 110M and takes on a
slug-shaped geometry. Typically, two droplet operations
clectrodes 110 may be used to transport a 3x droplet 118.
Because beads 122 are magnetically responsive, a concen-
tration of beads 122 1s formed at the bottom of droplet 118
(e.g., on the surface of droplet actuator 100) and at the center
of magnet 114. Elongation of droplet 118 to a slug geometry
provides for suflicient flow of fluid within droplet 118 to
resuspend beads 122 in droplet 118.

[0062] FIG. 1C shows yet another step 1n the process of
incubating droplets that include magnetically responsive
beads on a magnet. In this step, droplet 118 1s split near the
central region of magnet 114 using droplet operations to
form, for example, two sample droplets. Splitting of droplet
118 provides for redistribution of beads 122 within the
sample droplets.

[0063] FIG. 1D shows yet another step in the process of
incubating droplets that include magnetically responsive
beads on a magnet. In this step, split droplet 118 1s merged
on magnet 114 using droplet operations to form a single
droplet 118. The transporting, splitting, and merging opera-
tions of FIGS. 1B, 1C, and 1D comprise an incubation cycle.
Several incubation cycles may be performed to provide for
resuspension and redistribution (1.e., mixing) of beads 122 in

droplet 118.

[0064] FIG. 1E shows yet another step in the process of
incubating droplets that include magnetically responsive
beads on a magnet. In this step, magnet 114, which 1s, for
example, an electromagnet, 1s not activated. Therefore, no
magnetic field 1s generated by magnet 114 and beads 122 of
droplet 118 have no attraction to magnet 114. Droplet 118 1s
transported via electrowetting to adjacent electrodes 110.
Beads 122 are resuspended 1n droplet 118.

[0065] FIGS. 2A, 2B, 2C, 2D, and 2F 1llustrate top views

of an example of a region of a droplet actuator 100 of FIGS.
1A through 1E and show a process of incubating, on and off
a magnet, droplets that include magnetically responsive
beads. The method of the invention of FIGS. 2A through 2E
1s an example of an incubation method wherein a droplet 1s
transported near the magnetic field of a magnet and then
away Irom the magnet to perform a series of split and merge
droplet operations that are used to resuspend the beads
within the droplet. Because the split and merge operations
are performed away from the magnet, resuspension of the
beads 1s 1n the lateral X-Y, and vertical Z directions.

[0066] The steps shown 1n FIGS. 2A, 2B, 2C, 2D, and 2E
are substantially the same as those that are described 1n
FIGS. 1A, 1B, 1C, 1D, and 1E except that, instead of

incubating droplet 118 on droplet operations electrodes
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110M, droplet incubation 1s performed adjacent to magnet
114 and away from magnet 114 on droplet operations
clectrodes 110.

[0067] FIG. 2A shows a first step 1n a process of incubat-
ing droplets that include magnetically responsive beads on
and ofl a magnet. In this step, droplet 118 that has beads 122
therein 1s positioned adjacent to droplet operations elec-
trodes 110M, which 1s within the magnetic field of magnet
114. Because beads 122 are magnetically responsive, a
concentration of beads 1s formed at the side of droplet 118
that 1s closest to magnet 114.

[0068] FIG. 2B shows another step 1n a process of 1ncu-
bating, on and off a magnet, droplets that include magneti-
cally responsive beads. In this step, droplet 118 is trans-
ported via electrowetting away from the magnetic field of

magnet 114. Beads 122 are suiliciently resuspended in
droplet 118.

[0069] FIG. 2C, 2D, and 2E show the process steps of
droplet elongation (1.¢., formation of slug-shaped geometry),
droplet splitting and droplet merging, respectively, that are
used to provide for suthicient tlow of fluid within droplet 118
to resuspend and redistribute beads 122 in droplet 118.
Because the split and merge operations are performed away
from the magnet, resuspension of the beads 1s 1n the X, Y,
and 7 directions.

[0070] FIGS. 3A, 3B, 3C, 3D, and 3F illustrate top views
of an example of a region of a droplet actuator 300 and show
a process ol incubating droplets that include magnetically
responsive beads substantially out of the magnetic field of a
magnet. The method of the invention of FIGS. 3A through
3E 1s an example of an incubation method wherein a series
of droplet transport operations are used to resuspend the
beads within the droplet. Because the droplet operations are
performed a suflicient distance away from a magnet, resus-
pension of the beads i1s in the lateral X-Y, and vertical Z
directions.

[0071] Droplet actuator 300 1s substantially the same as
droplet actuator 100 of FIGS. 1A through 1E except that 1t
1s configured to support droplet operations on a 2x droplet.
In this embodiment, droplet 118 1s a 2x droplet, meaning that
its footprint 1s approximately 2 times the area of one droplet
operations electrode. Droplet 118 may, for example, include
1 part magnetically responsive beads and 1 part sample.
Alternatively, droplet 118 may include 1 part sample plus
magnetically responsive beads and 1 part secondary reporter
antibody.

[0072] FIGS. 3A through 3E show the process steps of
transporting droplet 118 along a linear path of droplet
operation electrodes 110 to provide mixing of magnetically
responsive beads 122. The use of a 2x droplet provides
several advantages over the use of a 3x droplet 1n a droplet
actuator-based 1mmunoassay. For example, mixing a 2x
droplet using two droplet operations electrodes 1s more
cilicient than mixing a 3x droplet using two droplet opera-
tions electrodes. The concentration of magnetically respon-
sive beads 1s also higher 1n a 2x droplet than a 3x droplet.
A higher concentration of magnetically responsive beads
provides for increased binding rate. Because the incubation
cycle of a 2x droplet 1s substantially out of the magnetic field
of magnet 114, the binding efliciency is also increased. In
addition, transport of a 3x droplet 1n proximity to a magnetic
field via electrowetting using 2 droplet operation electrodes
may result 1n the formation of a tail 1n which magnetically

Apr. 27, 2023

responsive beads may aggregate. The formation of bead
aggregates may result in reduced binding efliciency.

[0073] FIG. 4 shows a plot 400 of a comparison of
incubation time between on-magnet and ofl-magnet incuba-
tion protocols on 1mmunoassay performance measured in
chemiluminescence. Data was generated using the incuba-
tion protocols of FIG. 1 (on-magnet) and FIG. 2 (off-
magnet). Immunoassays were performed on a 300 nanoliter
(nL) droplet that contained capture antibody magnetically
responsive beads, alkaline phosphatase (ALP)-labeled
reporter antibodies and 5 ng/ml Troponin I (Tnl). Four
immunoassays were performed on the magnet with incuba-
tion times of 72 seconds (sec), 198 sec, 450 sec, and 630 sec.
Four more immunoassays were performed ofl the magnet
with 1ncubation times of 90 sec, 180 sec, 252 sec, and 324
sec. Droplet operations were the same for each incubation
protocol.

[0074] As shown in FIG. 4, when incubation was per-
formed on the magnet, the time to reach saturation was
almost doubled the time to reach saturation when compared
to incubation performed off the magnet. The difference in
time to reach saturation between the two protocols may
occur because 1n the presence of a magnet, the magnetically
responsive beads are attracted to the surface of the droplet
actuator and the recirculation patterns produce within a
droplet would resuspend the magnetically responsive beads
only in the lateral plane (X-Y) direction. When incubation 1s
performed ofl the magnet and a suflicient distance away
from the magnet (e.g., more than 2 droplet operations
clectrodes), resuspension of the magnetically responsive
beads 1s 1n both the lateral plane (X-Y direction) and vertical
plane (7 direction). Resuspension of the beads 1n the X, Y,
and 7Z directions provides more surface area for binding
reactions and increased rate of reaction.

[0075] In another embodiment, an incubation protocol
may include merging of a circular bead droplet on a magnet
with two circular sample droplets. Mixing in the merged
droplet 1s provided by moving the merged droplet back and
forth on droplet operations electrodes while the magnetically
responsive beads are immobilized on the magnet.

[0076] In yet another embodiment, an incubation protocol
may include merging of a circular bead droplet on a magnet
with a 4x, 5x elongated (slug-shaped) sample droplet.
Mixing 1 the merged slug-shaped droplet 1s provided by
moving the merged droplet back and forth on droplet opera-
tions electrodes while the magnetically responsive beads are
immobilized on the magnet.

8.2 Washing Protocols

[0077] Washing of magnetically responsive beads, where
unbound molecules are separated and removed, 1s one of the
most critical steps 1n implementing an 1mmunoassay in a
digital microtluidic system. In some embodiments, washing
1s performed using a merge-and-split protocol, which 1is
repeated until the unbound material 1s sufliciently depleted
from the supernatant to permit accurate and precise detec-
tion.

[0078] FIGS. SA, 5B, 5C, 5D, and SE show a top view of

a region ol a droplet actuator 500 and a process of washing
magnetically responsive beads using shape-assisted merging
of droplets. The method of the mvention of FIGS. 5A
through SE 1s an example of a wash method wherein a wash
bufler droplet and a magnetically responsive bead droplet
are elongated 1n a slug-shaped geometry and series of merge
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and split operations are used to remove unbound material
from a bead droplet. The merge and split operations provide
for substantially complete fluid replacement of unbound
supernatant with wash bufler 1n the absence of mixing.

[0079] Droplet actuator 500 may include a path or array of
droplet operations electrodes 510 (e.g., electrowetting elec-
trodes). A magnet 512 1s arranged in close proximity to
droplet operations electrodes 510. In particular, magnet 512
1s arranged such that certain droplet operations electrodes
510 (e.g., 3 droplet operations electrodes 510M) are within
the magnetic field of magnet 512. Magnet 512 may, for
example, be a permanent magnet or an electromagnet.
Droplet actuator 500 may contain a wash bufler droplet 516
and a bead droplet 514 that may be transported along droplet
operations electrodes 510 via electrowetting and upon which
droplet operations may be performed. Bead droplet 514 may,
for example, include a quantity of magnetically responsive
beads 518 that includes bound antigen and reporter antibody
(1.e., antigen-antibody-reporter complex), and unbound
material such as excess unbound reporter antibody.

[0080] Bead droplet 514 and wash bufler droplet 516 may,

for example, be 2x droplets, meaning that their footprint 1s
approximately 2 times the area of one droplet operations
clectrode 510. Bead droplet 514 and wash bufler droplet 516
may be configured as slug-shaped droplets (1.e., elongated
droplets) by performing droplet operations on the 2x drop-
lets using two active droplet operations electrodes 510.
Because the excess droplet volume 1s now spread over a
second active droplet operations electrode 510, the droplets
are elongated and conform to the shape of two electrodes.

[0081] FIG. SA shows a first step 1n a process of washing
beads using shape-assisted merging of droplets. In this step,
bead droplet 514 that has beads 3518 therein 1s positioned
such that one region of droplet 514 1s on a droplet operations
clectrodes 510M which 1s within the magnetic field of
magnet 512 and a second region of droplet 514 1s on an
adjacent droplet operations electrode 510. Because beads
518 are magnetically responsive, a concentration of beads 1s
formed at the side of bead droplet 514 that 1s closest to
magnet 512. At the opposite end of magnet 512, wash bufler
droplet 516 1s similarly positioned such that one region of
wash builer droplet 516 1s on a droplet operations electrodes
510M which 1s within the magnetic field of magnet 512 and
a second region of droplet 516 1s on an adjacent droplet
operations electrode 510. The timing of the sequence of
droplet operations for merging bead droplet 514 and wash
bufler 516 1s such that bead droplet 514 1s elongated to a
slug-shaped geometry just as wash butler droplet 1s posi-
tioned via electrowetting for merging with bead droplet 514.

[0082] FIGS. 5B shows another step in a process of
washing beads using shape-assisted merging of droplets. In
this step, bead droplet 514 and washed droplet 516 are
merged. Merging of bead droplet 514 and wash droplet 516
provides for redistribution of beads 518.

[0083] FIGS. 5C and 5D show another step 1n a process of
washing beads using shape-assisted merging of droplets. In
this step, a slug of fluid 520 1s extended away from magnet
512 by activating the contiguous droplet operations elec-
trodes 510 and inactivating the intermediate droplet opera-
tions electrodes 510 outside the magnetic field of magnet
512. Fluuid 520 includes wash bufler from wash builler
droplet 516 and unbound reagents from bead droplet 514. As
fluid 520 1s extended, beads 518 remain concentrated on
magnet 312.
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[0084] FIG. SE shows yet another step 1 a process of
washing beads using shape-assisted merging of droplets. In
this step, a fluid 520 1s split using droplet operations to form
supernatant droplet 522. Supernatant droplet 522 includes
unbound reagents such as unbound reporter antibody from
bead droplet 514. Supernatant droplet 522 1s typically dis-
carded 1n a waste well (not shown). FIGS. SA through 5E
show the set of droplet operations that comprise a wash
cyele Several wash cycles may be performed to provide for
suflicient removal of unbound material.

[0085] In an alternative embodiment, a washing protocol
may use a wash droplet and a bead droplet that are circular
in shape. A circular shape of a droplet may, for example, be
obtained by performing droplet operations on a 2x wash
droplet and a 2x bead droplet using only one droplet
operations electrode each. Because a 2x droplet (1.e., foot-
print 1s approximately 2 times the areca of one droplet
operations electrode) 1s much larger than a single droplet
operations e¢lectrode, the droplet takes a more rounded
shape.

[0086] FIG. 6 shows a plot 600 of a comparison of
washing protocols between slug shaped and circular shaped
wash droplets on 1mmunoassay performance measured in
chemiluminescence. In both protocols, incubation was per-
formed using the ofl-magnet incubation protocol of FIG. 2
for 3 minutes. Each wash cycle takes about 10 seconds 1n a
slug-based protocol of FIG. 5 and about 14 seconds 1n a
circular droplet protocol.

[0087] As shown 1s FIG. 6, a washing protocol performed
using slugs of fluid (or elongated droplets as shown 1n FIG.
5), wherein a 2x wash bufler droplet and a 2x bead droplet
were operated us1ng two electrodes, a suflicient wash level
was achieved using fewer wash cycles when compared to
was_nng using circular shaped droplets. In a slug-based
washing protocol, mixing was minimized and the bulk of the
unbound material from the supernatant was replaced with
fresh wash bufler at each cycle. In a circular-droplet based
protocol, mixing was ensured by operating the 2x droplets
using only one electrode each. Also, the dispersion of
magnetically responsive beads in the lateral plane (X-Y
direction) was higher i1n the slug-based protocol when a
fresh wash bufler droplet was merged with a bead droplet.
Greater dispersion of magnetically responsive beads 1n the
merged droplet enables any unbound antibody trapped in the
interstices to difluse into the supernatant and be washed
away 1n subsequent washes. In this example, suilicient wash
levels were achieved in about 10 wash cycles using a
slug-based washing protocol compared to >18 wash cycles
in a circular droplet based wash protocol.

[0088] The washing behavior has two distinct regimes,
one regime where washing may be very pronounced and the
second where the washing may be subtle. In the slug based
washing case, the washing 1s pronounced with each wash
eyele up to about 9 cycles and after that the effect of washing
1s almost neghglble In the circular droplet protocol, the
washing eflect 1s pronounced until about the 13th wash;
although the wash efliciency 1s less than that observed for
the slug-based protocol. Washing 1s only marginally eflec-
tive for the circular droplet protocol between about the 13th
and 18th washes with only a slight reduction 1n signal with
cach cycle. This could happen because all the free unbound
material may be washed away 1n the first few cycles and
after that washing only removes the unbound material
trapped between the beads.
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[0089] FIGS.7A,7B, 7C, and 7D illustrate top views of an
example of a region of a droplet actuator 500 of FIGS. SA
through 5E and show a process of resuspending magneti-
cally responsive beads between wash cycles. The method of
the invention of FIGS. 7A through 7D 1s an example of a
sequence 1 a wash method that uses a series of droplet
resuspension cycles to resuspend the magnetically respon-
s1ive beads between wash cycles such as a wash cycle shown
in FIG. 5. The resuspension cycles provide sullicient resus-
pension of the beads such that unbound material from the
interstices of bead aggregates may be eflectively removed.

[0090] FIG. 7A shows the first step 1in a process of
resuspending magnetically responsive beads between wash
cycles. In this step, bead droplet 514 that includes magneti-
cally responsive beads 518 1s transported via electrowetting
away from magnet 512 1n the direction of arrow A.

[0091] FIGS. 7B, 7C, and 7D show the process steps of
transporting bead droplet 514 along a path of droplet opera-
tion electrodes 510 1n the direction of arrow A. Three
transport operations are shown 1n FIGS. 7B, 7C, and 7D, but
any number of transport operations may be used to comprise
a resuspension cycle. Transporting of bead droplet 514
provides for suflicient resuspension ol beads 518 such that
unbound maternial from the interstices of bead aggregates
may be eflectively removed 1n subsequent wash cycles.
[0092] A complete wash protocol may include a series of
wash cycles, such as the slug based wash cycles of FIG. 5§,
interspersed with a one or more resuspension cycles of FIG.
7. Depending on the sensitivity of the assay required and the
time to result requirement, any number of wash cycles may
be mterspersed with any number of resuspension cycles. For
example, a complete wash protocol sequence may include,
for example, four wash cycles, four resuspension cycles, and
four wash cycles. A complete wash protocol sequence ends
at a wash cycle.

[0093] FIGS. 8A and 8B show plots of a comparison of
washing protocols of FIG. 5 without resuspension cycles
and with resuspension cycles, respectively. As shown 1n
FIG. 8A, a washing protocol 1n the absence of one or more
resuspension cycles provides an 1nitial drop 1n signal after a
number of wash cycles (A). As the number of wash cycles
increase (B), there 1s a further reduction 1n signal that may
be due to loss of unbound material from the interstices of
bead aggregates.

[0094] As shown in FIG. 8B, a washing protocol that

includes one or more resuspension cycles provides more
cllicient removal of unbound maternial to a near zero level
using fewer numbers of wash cycles (A).

[0095] FIG. 9 illustrates a top view of a region of a droplet
actuator 900 that includes multiple waste wells. In this
embodiment, multiple waste wells are provided to improve
the efliciency (e.g., time to result) of a bead washing
protocol such as a bead washing protocol shown in FIG. 5.

[0096] As illustrated, droplet actuator 900 includes an
array ol droplet operations electrodes 910 (e.g., electrowet-
ting electrodes) configured to provide wash lanes 912a,
9126, 912¢, and 912d, and a single waste lane 916. Wash
lanes 912a, 91256, 912¢, and 9124 may include magnets
914a, 914bH, 914c¢, and 914d, respectively, and waste wells
920a, 9205, 920c, and 920d, respectively. Waste lane 916

may include a waste well 918.

[0097] In operation, droplet actuator 900 may be used to
conduct a bead washing protocol on four different samples
in wash lanes 912a through 9124. In a bead washing
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protocol, the supernatant droplet(s) that contain unbound
material, such as unbound antigen and secondary reporter
antibody, 1s typically discarded in a waste well. In one
example, a bead washing protocol may use a single waste
well 918. In thus example, a single waste lane 916 that
includes waste well 918 may be used to transport superna-

tant (1.e., waste) droplets from wash lanes 912a through
9124.

[0098] In this example, supernatant (1.e., waste) droplets
from wash lanes 912a through 9124 may be transported via
clectrowetting 1n the direction of Arrow A to wash lane 916.
Individual supernatant droplets may then be transported 1n
waste lane 916 1n the direction of Arrow B to waste well 918.
Because waste lane 916 1s common to wash lanes 912a
through 912d, supernatant droplets must be transported
serially (1.e., one after another).

[0099] In an alternative example, individual waste wells
920a through 9204 may be provided for each wash lane
9124 through 9124, respectively. In this example, superna-
tant droplets may be transported simultaneously in the
direction of arrow C to individual waste wells 920a through
920d4. Multiple, individual waste wells provide for increased
clliciency (e.g., time to result) in a washing protocol. Mul-
tiple waste wells also provide for a reduction 1n the number
of droplet operations electrodes 910 that are required to
shuttle a supernatant droplet to a waste well. A reduction 1n
the number of operations electrodes 910 that may be used to
transport a supernatant droplet also provides for a reduction
in the potential for cross-contamination of subsequent drop-
lets used 1n a protocol.

8.3 Bead-Mediated Droplet Splitting

[0100] FIGS. 10A, 10B, and 10C show a top view of a
region of a droplet actuator 1000 and a process of separating
beads from a sample droplet. The method of the invention of
FIGS. 10A through 10C 1s an example of a method wherein
magnetically responsive beads are split from a circular
shaped droplet.

[0101] Droplet actuator 1000 may include a path or array
of droplet operations electrodes 1010 (e.g., electrowetting
clectrodes). A magnet 1014 1s arranged 1n close proximity to
droplet operations electrodes 1010. In particular, magnet
1014 1s arranged such that certain droplet operations elec-
trodes 1010 (e.g., 3 droplet operations electrodes 1010M)
are within the magnetic field of magnet 1014. Magnet 1014
may, for example, be a permanent magnet or an electromag-
net.

[0102] Droplet actuator 1000 may contain a droplet 1016
that may be transported along droplet operations electrodes
1010 via electrowetting and upon which droplet operations
may be performed. Droplet 1016 may include a quantity of
beads 1020, which may be magnetically responsive beads.
An example of a process of separating beads from a circular
droplet may include, but i1s not limited to, the following
steps.

[0103] FIG. 10A shows a first step 1n a process of sepa-
rating beads from a circular droplet. In this step, droplet
1016 that has beads 1020 therein 1s positioned at a droplet
operations electrode 1010M, which 1s within the magnetic
field of magnet 1014. Because beads 1020 are magnetically
responsive, beads 1020 are attracted to magnet 1014.
Because a single droplet operations electrode 1010M 1s
active, droplet 1016 1s circular 1n shape.
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[0104] FIG. 10B shows another step i a process of
separating beads from a circular droplet. In this step, droplet
1016 1s transported via electrowetting away from droplet
operations electrode 1010M and to the adjacent droplet
operations electrode 1010. As droplet 1016 moves away
from droplet operations electrode 1010M, a concentration of
beads 1020 1s formed at the side of droplet 1016 that 1s
closest to magnet 1014. Because droplet 1016 1s transported
away irom magnet 1014 one droplet operations electrode
1010 at a time, the geometry of droplet 1016 may be
distorted (e.g., formation of a neck) by the concentration of
beads 1020 as droplet 1016 pulls away from magnet 1020.

[0105] FIG. 10C shows yet another step 1n the process of
separating beads from a circular droplet. In this step, droplet
1016 1s transported via electrowetting further away from
droplet operations electrode 1010M and to a droplet opera-
tions electrode 1010 that 1s yet further away. In doing so, the
concentration of beads 1020 breaks away (snaps oil) from
droplet 1016. This occurs because one side (e.g., the side
nearest magnet 1014) of droplet 1016 1s subjected to a
magnetic force and the opposite side (e.g., the side farthest

from magnet 1014) 1s subjected to electrowetting force.
When beads 1020 snap off of droplet 1016, a relatively small

and highly concentrated bead droplet 1022 1s left behind at
droplet operations electrode 1010M and held immobilized
by magnet 1014.

[0106] A similar result can be achieved using a barrier that
permits a bead-containing droplet to be transported while
restraining transport of the beads with the main body of the
droplet.

[0107] FIGS. 11A, 11B, and 11C show a top view of a
region of a droplet actuator 1000 of FIGS. 10A through 10C
and a process of transporting beads within a droplet. The
method of the mvention of FIGS. 11A through 11C 1s an
example of a method wherein magnetically responsive beads
are transported within an elongated droplet away from a
magnetic force.

[0108] The steps shown i FIGS. 11A, 11B, and 11C are

substantially the same as those that are described in FIGS.
10A, 10B, and 10C except that, instead of processing a 1x
droplet via electrowetting using one active electrode at a
time, droplet 1016 1s a slug-shaped 3x droplet that 1s
processed using three active electrodes for each droplet
operation.

[0109] FIGS. 11A, 11B, and 11C show the process steps of
transporting beads 1020 within an elongated droplet 1016
away Irom magnet 1014. In this example, one side (e.g., the
side nearest magnet 1014) of droplet 1016 1s subjected to
both a magnetic force and electrowetting force and the
opposite side (e.g., the side farthest from magnet 1014) 1s
subjected to electrowetting force. Because electrowetting
force occurs on both sides of droplet 1016, all of the fluid
within the droplet 1s electrowetted and beads 1020 are
retained within droplet 1016 during droplet transport away
from magnet 1014.

[0110] FIGS. 12A, 12B, and 12C show a top view of a

region of a droplet actuator 1000 and a process of separating
beads from a sample droplet onto a magnet. The method of
the invention of FIGS. 12A through 12C 1s an example of a
method wherein magnetically responsive beads are split
from an elongated droplet (e.g., 3x droplet) onto a magnet.
In one example, the method of the invention of FIGS. 12A
through 12C may be used to dispense magnetically respon-
sive beads onto a magnet.
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[0111] The steps shown in FIGS. 12A, 12B, and 12C are
substantially the same as those that are described in FIGS.
10A, 10B, and 10C except that, beads 1020 are split from an
clongated 3x droplet 1016. An example of a process of
dispensing beads from an elongated droplet may include, but
1s not limited to, the following steps.

[0112] FIG. 12A shows a first step 1 a process of dis-
pensing beads from an elongated droplet. In this step,
droplet 1016 that has beads 1020 therein 1s positioned at a
droplet operations electrode 1010M, which 1s within the
magnetic field of magnet 1014. Because beads 1020 are
magnetically responsive, beads 1020 are attracted to magnet
1014. Because three droplet operations electrodes 1010 are
active, droplet 1016 1s clongated 1n shape.

[0113] FIG. 12B shows another step i a process of
dispensing beads from an elongated droplet. In this step,

droplet 1016 1s transported away from magnet 1014 via
clectrowetting using one active droplet operations electrode
1010 at a time. As droplet 1016 moves away from droplet
operations electrode 1010M, a concentration of beads 1020
1s formed at the side of droplet 1016 that 1s closest to magnet
1014. Because droplet 1016 is transported away from mag-
net 1014 one droplet operations electrode 1010 at a time, the
geometry of droplet 1016 may be distorted.

[0114] FIG. 12C shows yet another step in process of
dispensing beads from an elongated droplet. In this step,
droplet 1016 1s transported via electrowetting further away
from droplet operations electrode 1010M and to a droplet
operations electrode 1010 that 1s yet further away. Once the
sample droplet overlaps the droplet operation electrode 1010
on which droplet 1022 1s to be formed, the intermediate
clectrode 1010 1s deactivated. In doing so, droplet 1016 1s
split 1nto a supernatant droplet 1022 and a smaller droplet

1016 that has beads 1020 therein.

8.4 Component Ratios

[0115] FIGS. 13A and 13B show a comparison of bench
top and droplet actuator immunoassay reagent ratios and a
plot of reagent concentration versus signal strength, respec-
tively, that provide for optimum droplet based immunoassay
performance.

[0116] As shown in FIG. 13A, the ratio of three compo-
nents of an immunoassay, beads (1.e., capture antibody
conjugated to beads), sample (e.g., serum, plasma), and
secondary antibody (II° Ab) are provided. For a bench top
immunoassay, a typical ratio 1s 1 part beads (60 uL.): V2 part
sample (30 ul): 1 part II° Ab (60 ul). A reagent ratio for a
droplet actuator based immunoassay 1s typically 2 bead
droplet (150 nL): 1 sample droplet (300 nl): 2 II° Ab
droplets (600 nL.). The use of fewer beads (i.e., 12 bead
droplet or 2 concentration of beads) 1n a droplet actuator
immunoassay provides for increased efliciency of bead
washing and a sutlicient reduction in non-specific binding of
non-target analytes to the capture beads. In addition, the
concentration of secondary antibody 1s the same 1n both
bench top and droplet actuator immunoassays, but the vol-
ume of secondary antibody solution 1s double 1n the droplet
actuator assay.

[0117] FIG. 13B shows the improvement in detection
signal that 1s provided by the use of 2 droplets of secondary
antibody and 2 droplets of detection substrate in a droplet
actuator 1mmunoassay.
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8.5 Incubation of Magnetically Responsive Beads
with Chemiluminescent Substrate

[0118] Another parameter which may influence the time to
result 1n an immunoassay 1s the generation of a signal during
the i1ncubation of a chemiluminescent substrate with the
washed magnetically responsive beads that contain the anti-
gen-antibody complex.

[0119] FIG. 14 shows a plot 1400 of the kinetics of a
reaction between a chemiluminescent substrate and the ALP
on magnetically responsive beads for Tropomin I (Tnl).
Immunoassays were performed on Tnl (100 ng/mL) using
an on-magnet incubation protocol and a circular shaped
droplet washing protocol. As shown 1n FIG. 14, about 90%
of the end point signal was obtained in about 120 to about
130 seconds. For a lower concentration of the analyte,
maximum signal was achieved in about <120 seconds.
Based on this data, for the type of substrate used, 2 minutes
may be selected as an optimum incubation time to generate
maximum signal for the chemiluminescence reaction. How-
ever, 1f the chemiluminescence reaction 1s observed to
behave as a flash signal instead of a glow reaction, the 2
minute incubation may be reduced to about a few seconds.

8.6 Rapid Immunoassays

[0120] Using optimized protocols for incubation and
washing, a full immunoassay was performed on Tnl (5
ng/mL). Magnetically responsive beads were incubated with
capture antibody, analyte and secondary antibody labeled
with ALP reporter using an ofl-magnet incubation protocol
as shown in FIG. 3. Subsequently, ten slugbased washes
were performed to remove the unbound material from the
supernatant (wash time approximately 2 minutes). The drop-
let with washed magnetically responsive beads with the
antigen-antibody complex was mixed with one droplet of a
chemiluminescent substrate and incubated for 2 minutes.
The end point chemiluminescence was detected using a
photon counter. In this example, the total time to result was
approximately 10 minutes per immunoassay.

8.7 Protocol for Droplet Actuator Extraction of
Human Genomic DNA

[0121] FIG. 15 1s a top view of a droplet actuator 1500 that
may be used for extracting DNA from a whole blood sample.
The droplet actuator 1500 includes six on-actuator reser-
voirs, each with a capacity of 2 uL, which may be used for
storing and dispensing diflerent reagents. A typical protocol
for DNA extraction on a droplet actuator may include the
following steps.

[0122] In a first step, a droplet of magnetically responsive
beads, such as paramagnetic Dynabeads® DNA Direct Uni-
versal from Dynal Biotech (1.05 um diameter), suspended in
a lysis bufler are dispensed from an on-chip reservoir and
transported via electrowetting to a specific location on the
chip. The beads, which are magnetically responsive, are held
by a permanent magnet placed underneath the chip.

[0123] In another step, droplets of whole blood are dis-
pensed from a reservoir and mixed with droplets of lysis
bufler (containing 10 M NaOH) dispensed from another
onchip reservoir, into a mixing reservolr in the ratio of 1:6
and mixed for about 10 seconds. Mixing was performed by
dispensing a droplet and then merging the droplet back into
the reservorr.

Apr. 27, 2023

[0124] In another step, droplets of the cell lysate were then
transported across the DNA capture beads 1n succession and
the supernatant was pinched off while holding the beads.

[0125] In another step, droplets of wash bufler stored 1n
separate on-chip reservoirs were then used to wash the beads
to remove cell debris.

[0126] In another step, purified genomic DNA captured on
the beads was then eluted and collected at the bead collec-
tion reservoir. The collected DNA can then be amplified
either on the chip as part of an integrated sample-to-answer
chip or in a commercial thermocycler for further DNA
processing or diagnostic applications.

8.8 Operation Fluids

[0127] For examples of fluids that may be subjected to
droplet operations using the approach of the invention, see
the patents listed 1n section 6, especially International Patent
Application No. PCT/US2006/047486, entitled, “Droplet-
Based Biochemistry,” filed on Dec. 11, 2006. In some
embodiments, the fluid includes a biological sample, such as
whole blood, lymphatic fluid, serum, plasma, sweat, tear,
saliva, sputum, cerebrospinal fluid, ammniotic fluid, seminal
fluid, vaginal excretion, serous fluid, synovial flmid, pericar-
dial fluid, peritoneal tluid, pleural fluid, transudates, exu-
dates, cystic tluid, bile, urine, gastric fluid, intestinal tluid,
fecal samples, fluidized tissues, fluidized organisms, bio-
logical swabs, biological washes, liquids with cells, tissues,
multicellular organisms, single cellular organisms, protozoa,
bactenia, fungal cells, viral particles, organelles. In some
embodiments, the fluid includes a reagent, such as water,
deionized water, saline solutions, acidic solutions, basic
solutions, detergent solutions and/or buflers. In some
embodiments, the fluid includes a reagent, such as a reagent
for a biochemical protocol, such as a nucleic acid amplifi-
cation protocol, an aflinity-based assay protocol, a sequenc-
ing protocol, and/or a protocol for analyses of biological

fluids.

[0128] The fluids may include one or more magnetically
responsive and/or nonmagnetically responsive beads.
Examples of droplet actuator techniques for immobilizing
magnetically responsive beads and/or non-magnetically
responsive beads are described 1n the foregoing international
patent applications and 1n Sista, et al., U.S. Patent Applica-
tion No. 60/900,633, entitled “Immobilization of Magneti-
cally-responsive Beads During Droplet Operations,” filed on
Feb. 9, 2007, Sista et al., U.S. Patent Application No.
60/969,736, entitled “Droplet Actuator Assay Improve-
ments,” filed on Sep. 4, 2007; and Allen et al., U.S. Patent
Application No. 60/957,717, entitled “Bead Washing Using
Physical Barriers,” filed on Aug. 24, 2007, the entire dis-

closures of which 1s incorporated herein by reference.

8.9 Example: Cytokine Immunoassay on a Droplet
Actuator

[0129] FIGS. 16A and 16B illustrate top views of an

example of a portion of a droplet actuator 1600 and show a
process ol cytokine detection on a droplet actuator. All steps
involved 1n the immunoassay, including sample and reagent
aliquoting, incubation with antibodies, bead washing, and
enzymatic detection, are fully automated and under software
control.

[0130] Droplet actuator 1600 may include a path or array
of droplet operations electrodes 1610 (e.g., electrowetting
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clectrodes) and a wash reservoir 1612. A magnet 1614 1s
arranged 1n close proximaity to droplet operations electrodes
1610. In particular, magnet 1614 i1s arranged such that a
certain droplet operations electrode 1610 (e.g., droplet
operations electrode 1610M) 1s within the magnetic field
thereof. Magnet 1614 may be a permanent magnet or an
clectromagnet. Droplet actuator 1600 may contain a droplet
1618 that may be transported along droplet operations
clectrodes 1610 and upon which droplet operations may be
performed.

[0131] Droplet 1618 may, for example, be a 3x droplet,
meaning that its footprint 1s approximately 3 times the area
of one droplet operations electrode 1610. Droplet 1618 may,
for example, include 1 part magnetically responsive beads
and 2 parts sample (e.g., an antigen to be evaluated).
[0132] Droplet 1618 may include one or more magneti-
cally responsive beads 1622. Magnetically responsive beads
1622 are coated with a primary antibody that has an aflinity
for a specific target antigen. In one example, magnetically
responsive beads 1622 are coated with a primary antibody
that has an aflinity for IL-6. In another example, magneti-
cally responsive beads 1622 are coated with a primary
antibody that has an athnity for TNF-c.

[0133] An example of a process of cytokine detection on
a droplet actuator may include, but 1s not limited to, the
following steps:

[0134] Step A of FIG. 16A shows a droplet 1618 that has
magnetically responsive beads 1622 therein and 1s posi-
tioned at a certain droplet operations electrode 1610. In one
example, droplet 1618 includes 1 part beads 1622 and 2
parts sample.

[0135] Steps B and C of FIG. 16 A show an incubation
process, 1n which droplet 1618 1s repeatedly transported
back and forth via droplet operations to adjacent electrodes
1610. Repeated transporting of droplet 1618 1s used during
incubation of beads 1622 and sample 1n order to provide
suilicient resuspension and mixing of magnetically respon-
sive beads 1622 for optimal antibody and antigen binding.
Typically, two droplet operations electrodes 1610 may be
used to transport a 3x droplet 1618, which takes on a slug
shaped geometry. Elongation of droplet 1618 to a slug shape
provides for suflicient flow of fluid within droplet 1618 to
resuspend magnetically responsive beads 1622 therein. In
one example, droplet 1618 may be incubated for 6 minutes
using 2 droplet operations electrodes 1610 and transporting,

droplet 1618 over a span of 8 electrodes at a switching speed
of 5 Hertz (Hz).

[0136] Step D of FIG. 16 A shows droplet 1618 that has
magnetically responsive beads 1622 therein transported to
droplet operations electrode 1610M. A supernatant droplet
1624 1s split off using droplet operations. Because magneti-
cally responsive beads 1622 are attracted to magnet 1614,
they are retained at magnet 1614. In one example, superna-
tant droplet 1624 1s a 1x droplet and droplet 1618 1s now a
2x droplet. Supernatant droplet 1624 that includes unbound
antigen (1.e., cytokine) 1s discarded (not shown).

[0137] Step E of FIG. 16A shows a reagent droplet 1628
that includes secondary antibody transported via electrowet-
ting to droplet operations electrode 1610M. Reagent droplet
1628 1s merged with droplet 1618 (i.e., a 2x droplet) using
droplet operations to form, for example, a 3x droplet.

[0138] In one example, reagent droplet 1628 1s a 1x
droplet that includes biotinylated secondary antibody that
has an aflinity to the target antigen. The antigen target 1s
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captured by the primary antibody which 1s immobilized on
the beads. Merged droplet 1618 1s incubated for 4 minutes
using droplet operations, as described 1n steps B and C.
Following the incubation period, droplet 1618 is transported
via electrowetting to droplet operations electrode 1610M
and a 1x supernatant droplet 1s split off using droplet
operations, as described 1n step D, in order to yield a 2x
droplet 1618. The supernatant droplet (not shown) that

includes unbound secondary antibody 1s discarded.

[0139] Adter incubation with the biotinylated secondary
antibody, the beads may in some embodiments be washed
and then incubated with the streptavidin-peroxidase. The
entire complex thus consists of beads-primary antibody-
antigen-secondary antibody-streptavidin-peroxidase.
Streptavidin-peroxidase may be substituted with streptavi-
din-alkaline phosphatase.

[0140] Step F of FIG. 16B shows a bead washing step, 1n
which a wash droplet 1630 1s transported from wash reser-
voir 1612 along droplet operations electrodes 1610 and
across droplet 1618, which 1s retained at droplet operations
clectrode 1610M. As wash droplet 1630 passes across mag-
net 1614, droplet merge and split operations occur with
droplet 1618 (i.e., a 2x droplet). In one example, wash
droplet 1630 1s a 2>< droplet that has a slug geometry and the
washing protocol 1s repeated 5 times. Following bead wash-
ing, a 1x supernatant droplet 1s split ofl from droplet 1618,
as described 1 step D of FIG. 16A, 1n order to yield a 1x
droplet 1618. The supernatant droplet (not shown) 1s dis-
carded.

[0141] Step G of FIG. 16B shows one or more reagent
droplets 1632 (e.g., 1632a, 1632bH) transported to droplet
operations electrode 1610M. In one example, reagent drop-
let 1632a that includes a blocking agent (e.g., Synblock) and
reagent droplet 16326 that includes a streptavidin-enzyme
conjugate (e.g., streptavidinalkaline phosphatase (ALP) or
streptavidin-horseradish peroxidase) are transported to drop-
let operations electrode 1610M and merged using droplet
operations with droplet 1618. Droplet 1618 1s now a 3x
droplet.

[0142] Merged droplet 1618 1s incubated for 4 minutes
using droplet operations, as described in steps B and C of
FIG. 16 A. Following the incubation period, droplet 1618 1s
transported to droplet operations electrode 1610M and a
supernatant droplet (1.e., a 1x droplet) 1s split ofl using
droplet operations, as described 1n step D of FIG. 16A, 1n
order to yield a 2x droplet 1618. The supernatant droplet
(not shown) that includes unbound streptavidin-enzyme
conjugate 1s discarded.

[0143] Droplet 1618 1s subsequently washed, for example
15 times, as described 1n step F of FIG. 16B. Following bead
washing, a 1x supernatant droplet 1s split off droplet 1618,
as described 1n step D of FIG. 16A, 1 order to yield a 1x
droplet 1618. The supernatant droplet (not shown) 1s dis-
carded. Droplet 1618 that includes antibody-antigen sand-
wich 1s now ready for detection.

[0144] Step H of FIG. 16B shows droplet 1634 (1x
droplet) that includes a detection substrate 1636 transported
to droplet operations electrode 1610M and merged using
droplet operations with droplet 1618. The detection sub-
strate 1636 1s converted by the enzyme conjugate mnto a
fluorescent signal (product formation time about 1620 sec-
onds). The chemiluminescent signal 1s measured by a detec-
tor (not shown) 1n order to determine the quantity of antigen
that 1s present.
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[0145] Insome embodiments, wash builer droplets may be
transported across the detection window following each
chemiluminescent droplet to clean up the detection window
and the detection loop prior to the next detection.

Q.9.1 IL-6 Results

[0146] In one embodiment, the method of the invention 1s
used to detect IL-6. FIG. 17 shows a plot of two 3-point
standard curves for cytokine IL-6. Data was generated using
the cytokine detection protocol described 1n FIGS. 16 A and
16B. In this example, two 3-point standard curves (0, 0.03,

0.5, 5, and 25 ng/mL of IL-6) were obtained 1n 2 runs for
IL-6 performed on 2 separate droplet actuators.

3.9.2 TNF-o Results

[0147] In an alternative embodiment, the method of the
invention 1s used to detect TNF-a. FIG. 18 shows a plot of
two 6-point standard curves for cytokine TNF-a.. Data was
generated using the cytokine detection protocol described 1n
FIGS. 16 A and 16B. In this example, two 6-point standard
curves (0, 0.01, 0.1, 1, 10, and 100 ng/mL of TNF-a) were
obtained m 2 runs for TNF-aperformed on 2 separate
droplet actuators.

9 CONCLUDING REMARKS

[0148] The foregoing detailed description of embodiments
refers to the accompanying drawings, which 1llustrate spe-
cific embodiments of the mnvention. Other embodiments
having different structures and operations do not depart from
the scope of the present invention. The term “the invention”™
or the like 1s used with reference to certain specific examples
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of the many alternative aspects or embodiments of the
applicants’ mvention set forth in this specification, and
neither 1ts use nor 1ts absence 1s mtended to limit the scope
of the applicants’ invention or the scope of the claims. This
specification 1s divided into sections for the convemence of
the reader only. Headings should not be construed as lim-
iting ol the scope of the ivention. The defimitions 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 1s
for the purpose of 1llustration only, and not for the purpose
of limitation.

1. A droplet actuator comprising:

(1) droplet operations electrodes to conduct droplet opera-
tions on a droplet operations surface; and

(11) a magnet positioned relative to the droplet operations
surface such that a droplet controlled by one or more of
the droplet operations electrodes may be positioned
within or away from a first region ol the magnet’s
magnetic field to attract magnetically responsive beads
in the droplet;

wherein the magnet 1s positioned such that three or more
droplet operations electrodes are within the magnetic
field of the magnet.

2. The method of claim 1, wherein the magnet 1s an
clectromagnet.
3. The method of claim 1, wherein the magnetically

responsive beads are coated with a primary antibody with an
allinity for a specific target antigen.
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