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& (57) Abstract: The present invention relates to providing improved hydrogen peroxide assays, as well as droplet actuators for
conducting such assays. The droplet actuators of the invention may be used to conduct droplet-based hydrogen peroxide assays.

They may also be associated with detectors for analyzing the results of the hydrogen peroxide assays of the invention. They may be
provided as components of systems which control droplet operations and/or detection for conducting the hydrogen peroxide assays.
Measurement by the detector may be used to quantify the presence of an analyte in a sample.
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HYDROGEN PEROXIDE DROPLET-BASED ASSAYS
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Related Applications

In addition to the patent applications cited herein, each of which is incorporated herein by
reference, this patent application is related to and claims priority to U.S. Provisional
Patent Application No. 60/892,971, filed on March 5, 2007, entitled “Hydrogen Peroxide
Droplet-Based Assays™ and U.S. Provisional Patent Application No. 60/980,186, filed on
October 16, 2007, entitled “Hydrogen Peroxide Droplet-Based Assays,” the entire

disclosures of which are incorporated herein by reference.

Field of the Invention

The present invention generally relates to the field of improved hydrogen peroxide assays.
In particular, the present invention is directed to hydrogen peroxide droplet-based assays,

as well as droplet actuators for conducting such assays.

Background of the Invention

A variety of assays make use of hydrogen peroxide as an intermediate for indirect
analysis for a target molecule. For example, glucose may be measured by using glucose
oxidase to produce hydrogen peroxide and using the hydrogen peroxide with a peroxidase
to oxidize a substrate and produce a detectable signal, such as a color change. Examples
of such oxidizable substrates include Amplex Red (Invitrogen) and PS-ATTO (Lumigen).
There is a need in the art for approaches to miniaturizing and/or accelerating hydrogen

peroxide assays.

Droplet actuators are used to conduct a wide variety of droplet operations. A droplet

actuator typically includes a substrate associated with electrodes arranged to conduct
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droplet operations on a droplet operations surface of the substrate. Droplet actuators may
also have top plates, which are generally separated in a parallel fashion from the droplet
operations surface, forming a gap in which the droplet operations may occur. The gap
may be filled with a filler fluid that is immiscible with the fluid that is to be manipulated
on the droplet actuator. There's a need for expanding the capabilities of droplet actuators

to include hydrogen peroxide based assays.

Brief Description of the Invention

The invention provides improved hydrogen peroxide assays, as well as droplet actuators
for conducting such assays. The droplet actuators of the invention may be used to

conduct droplet-based hydrogen peroxide assays.

In one embodiment, a method of conducting a hydrogen peroxide assay for detecting an
analyte is provided. The method comprises combining hydrogen peroxide assay reagents
and sample into a droplet having a volume which ranges from about 1 nL to about 10 pL

and conducting the assay in the droplet to yield a detectable signal.

In another embodiment, a method of conducting a hydrogen peroxide assay is provided,
wherein the method comprises combining hydrogen peroxide assay reagents and sample
into a droplet and conducting the assay in the droplet to yield a detectable signal, wherein

the assay produces a substantially linear result.

In yet another embodiment, another method of conducting a hydrogen peroxide assay for
detecting an analyte is provided. The method comprises combining hydrogen peroxide
assay reagents and sample into a droplet and conducting the assay in the droplet to yield a
detectable signal, wherein substantially all of the analyte is consumed; detecting the

signal; and analyzing the signal to determine the quantity of analyte in the sample.

In a further embodiment, a method of detecting multiple analytes on a single droplet
actuator using a single detector is provided. The method comprises providing a droplet
actuator device comprising a substrate comprising electrodes arranged for conducting
droplet operations on a droplet operations surface of the substrate and one or more
reservoirs in fluid communication with the droplet operations surface comprising one or

more reagents for conducting an assay in which hydrogen peroxide is an intermediate.
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The method further comprises using droplet operations to combine multiple sample
droplets with multiple reagents to conduct multiple hydrogen peroxide assays on a single

droplet actuator.

Definitions

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

“Activate” with reference to one or more electrodes means effecting a change in the

electrical state of the one or more electrodes which results in a droplet operation.

“Droplet” means a volume of liquid on a droplet actuator which is at least partially
bounded by filler fluid. For example, a droplet may be completely surrounded by filler
fluid or may be bounded by filler fluid and one or more surfaces of the droplet actuator.
Droplets may take a wide variety of shapes; nonlimiting examples include generally disc
shaped, slug shaped, truncated sphere, ellipsoid, spherical, partially compressed sphere,
hemispherical, ovoid, cylindrical, and various shapes formed during droplet operations,
such as merging or splitting or formed as a result of contact of such shapes with one or

more surfaces of a droplet actuator.

“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; incubating a droplet; heating a droplet; vaporizing a droplet; 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

29 29 LC 29 &C

“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 is used in reference to two or more droplets, any combination of droplet
operations sufficient to result in the combination of the two or more droplets into one
droplet may be used. For example, “merging droplet A with droplet B,” can be achieved

by transporting droplet A into contact with a stationary droplet B, transporting droplet B
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into contact with a stationary droplet A, or transporting droplets A and B into contact with

29 ¢

cach 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 in more homogenous distribution of one or more
components within a droplet. Examples of “loading” droplet operations include
microdialysis loading, pressure assisted loading, robotic loading, passive loading, and

pipette loading. Droplet operations may be mediated by electrodes and/or electric fields,

using a variety of techniques, such as, electrowetting and/or dielectrophoresis.

The terms “top” and “bottom” are used throughout the description with reference to the
top and bottom substrates of the droplet actuator for convenience only, since the droplet

actuator is functional regardless of its position in space.

When a given component such as a layer, region or substrate is referred to herein as being
disposed or formed “on” another component, that given component can be directly on the
other component or, alternatively, intervening components (for example, one or more
coatings, layers, interlayers, electrodes or contacts) can also be present. It will be further
understood that the terms “disposed on” and “formed on” are used interchangeably to
describe how a given component is positioned or situated in relation to another
component. Hence, the terms “disposed on” and “formed on” are not intended to
introduce any limitations relating to particular methods of material transport, deposition,

or fabrication.

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

are interposed between the liquid and the electrode/array/matrix/surface.

When a droplet is described as being “on” or “loaded on” a droplet actuator, it should be
understood that the droplet is arranged on the droplet actuator in a manner which
facilitates using the droplet actuator to conduct droplet operations on the droplet, the

droplet is arranged on the droplet actuator in a manner which facilitates sensing of a
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property of or a signal from the droplet, and/or the droplet has been subjected to a droplet

operation on the droplet actuator.

Brief Description of the Drawings

Figure 1 illustrates various aspects of providing a hydrogen peroxide based glucose assay

in accordance with one embodiment of the present invention;

Figure 2 illustrates a velocity sketch showing the rate of signal production in a sample as

compared to signal production in buffer; and

Figure 3 illustrates an end-point assay for measuring the amount of analyte (glucose) in a

sample.

Detailed Description of the Invention

The present invention relates to providing improved hydrogen peroxide assays, as well as
droplet actuators for conducting such assays. The droplet actuators of the invention may
be used to conduct droplet-based hydrogen peroxide assays. They may also be associated
with detectors for analyzing the results of the hydrogen peroxide assays of the invention.
They may be provided as components of systems which control droplet operations and/or
detection for conducting the hydrogen peroxide assays. Measurement by the detector

may be used to quantify the presence of an analyte in a sample.

8.1.1 Hydrogen Peroxide Assay

In general, an oxidase in the presence of an oxidizable analyte is used to generate
hydrogen peroxide. In the presence of a peroxidase and the hydrogen peroxide, a
substrate may be converted into a signal molecule. The signal molecule may produce or
be used to produce a measurable signal, such as a color change, chemiluminescence or
fluorescence. The invention provides a droplet-based hydrogen peroxide assay in which a
sample droplet including an oxidizable analyte is combined using droplet operations with
one or more droplets comprising an oxidase, a peroxidase, and a substrate that can be
used to produce a signal molecule in the presence of peroxide and peroxidase. For

example, a droplet comprising an oxidizable analyte may be transported using one or
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more droplet operations into contact with one or more droplets comprising the oxidase,
the peroxidase, and/or the substrate. The oxidase may be selected to be specific to the
oxidizable analyte, e.g., glucose oxidase for glucose. The peroxidase may be selected to

be specific to the substrate, ¢.g., be horseradish peroxidase.

As an example, the invention can provide a hydrogen peroxide based glucose assay,
Figure 1 illustrating various aspects of the assay. In general, a sample including glucose
is combined with glucose oxidase in the presence of an amount of a peroxidase, such as
horseradish peroxidase, and a signal molecule to produce a detectable signal. Examples
of other suitable analytes susceptible to detection using the hydrogen peroxide assays of
the invention include creatinin, lactate, pyruvate, bilirubin, glutamate, and other

metabolites present in blood.

Any substrate which produces a signal molecule in the presence of hydrogen peroxide
under appropriate enzymatic conditions may be used in the assays of the invention.
Examples include PS-ATTO (ultra) from Lumigen and Amplex Red from Invitrogen.
Signal molecules may be selected to permit detection in microliter or smaller droplets,

¢.g., by absorbance, chemiluminescence and/or fluorescence.

8.1.2 Microscale Hydrogen Peroxide Assay

In one embodiment, the invention provides a microscale hydrogen peroxide assay. In this
embodiment, a sample is combined with the hydrogen peroxide assay reagents in a
microdroplet. The reaction produces a signal, which is detected. The signal is used to
determine the amount of the target analyte present in the sample. The hydrogen peroxide
assay reagents may, for example, include oxidase, an excess of peroxidase, and a
substrate which can be converted in the presence of hydrogen peroxide and peroxidase
into a signal molecule. The reagents may also include any additional reagents or

cofactors suitable for enhancing the reaction.

In one embodiment, the reaction takes place in a droplet partially or completely
surrounded by an oil, such as a silicon oil. In another embodiment, the reaction takes
place on a droplet actuator surface. The reagents may be combined on the droplet
actuator surface using droplet operations. The droplet actuator may also include a top

plate separated from the surface to form a gap in which the droplet is arranged. Detection
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of the signal may take place while the droplet is on the droplet actuator. Further, droplet
operations may be used to combine one or more droplets including one or more of the
hydrogen peroxide reagents with the sample in the presence of the detector, so that a

maximum amount of signal may be captured.

In one embodiment, the hydrogen peroxide assays of the invention may be performed
using exceedingly small sample volumes. In one embodiment, the sample volumes range
from about 1 nL to about 10 pL, or from about 10 nL to about 1 pL, or less than about
500, 400, 300, 200, 100 nL. Reaction volumes may be similarly small. For example, in
one embodiment, the reaction volume including the sample and all hydrogen peroxide
reagents ranges from about 1 nL to about 10 pL, or from about 10 nL to about 1 pL, or
less than about 500, 400, 300, 200, 100 nL.

Other advantages include reduced time to results due to faster kinetics in the miniaturized
format for the assays and higher throughput due to multiplexing. For example, in one
embodiment, the system executes hydrogen peroxide assays in less than about 5, 4, 3, 2 or

1 minutes or less than about 45 or 30 seconds.

8.1.3 Hydrogen Peroxide Assay with Substantially Linear Kinetics

Figure 2 illustrates a velocity sketch showing the rate of signal production in the sample
as compared to signal production in buffer. Glucose, glucose oxidase, hydrogen
peroxidase, and a chemiluminescent or fluorescent acceptor were utilized. The assay
conditions were designed to evaluate the initial rate of signal production. All the glucose
in the sample was not consumed, and the reaction kinetics was at an initial linear rate
velocity. The solid line represents the reaction in buffer. Because there are no inhibitors,
straight line kinetics proportional to the amount of glucose in the sample was observed.
The dotted line represents the reaction in serum. A lag in the initial rate was observed,
presumably due to the presence of inhibitors in the serum. In this sample, the kinetics do
become linear, but only after the initial lag. The lag may be 1-5 minutes, for example.
For the desired applications of quantifying the amount of analyte (glucose) in a sample

within seconds, these assay conditions are not desirable.

The inventors have surprisingly discovered that the initial lag can be overcome in the

presence of inhibitors by providing an excess amount of peroxidase, e.g. horseradish
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peroxidase. In this manner, the impact of the endogenous inhibitors may be reduced or
eliminated. By increasing the peroxidase concentration, and leaving the glucose oxidase
concentration fixed, the inventors observed linear kinetics in serum. The lag was
minimized to the point of being inconsequential. In one embodiment, the process
employs HRP in a range from about 1 ug/ml to about 100 pg/ml. In this embodiment,

glucose oxidase may be employed in typical amounts, ¢.g., about 200 pug/ml.

When conducting peroxide based assays on biological fluids, such as blood, serum, and
plasma, molecules may be present in the biological fluid which interfere with the linearity
of the assay results. For example, various inhibitors or components that may compete
with or consume a reaction component or intermediate may be present in the biological
fluids. Examples include hemoglobin, ascorbate (vitamin C), bilirubin, glutathione, and
catalase. The invention provides a method for producing a linear signal which reliably
indicates the amount of analyte in the sample, even in the presence of such interfering
substances. For example, the invention provides a method of conducting a hydrogen
peroxide assay to determine the quantity of an analyte in the biological fluid in the
presence of inhibiting substances, which method produces a generally or substantially
linear result. The substantially linear result may be produced by combining a sample
including the analyte with an oxidase, an excess of peroxidase, and an oxidizable signal
molecule, such as Amplex Red. The peroxidase may be provided in an excess amount

which is sufficient to result in a generally or substantially linear result.

8.1.4 Flash Hydrogen Peroxide Assays

Figure 3 illustrates an end-point (also termed ‘flash’) assay for measuring the amount of
analyte (glucose) in the sample. In the end-point assay, all of the analyte was consumed,
and the signal represents substantially the entire amount of analyte contained in the
sample. The reaction kinetics in the end-point assay are increased by elevating both the
oxidase and the peroxidase. The reaction was complete in approximately 1-2 minutes.
The impact of the endogenous inhibitors in the serum is minimal because the ratio of
analyte, e.g. glucose, to inhibitors in serum is so high that the effect of the inhibitor
becomes minimal and negligible in the total signal output. The measurement of the end
point assay can be carried out in the droplet actuator, directly under the sensor, thus
maximizing the capture of signal output. Serum and reagents may be combined using

droplet operations, and capture of signal can begin immediately. In one embodiment, the
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process employs peroxidase (e.g., horseradish peroxidase) in a range from about 1 ug/ml
to about 100 ug/ml, and oxidase (e.g., glucose oxidase) in an amount exceeding about

200, 300, 400, 500, 600, 700, 800, 900 ug/ml, or exceeding about 1 mg/ml.

8.1.5 Multiplexed Hydrogen Peroxide Assays

Use of the common intermediate hydrogen peroxide provides for analysis of multiple
analytes using one common intermediate, and one detector scheme. Thus, the invention
provides a droplet actuator comprising reagents for analyzing multiple analytes
susceptible to analysis using a hydrogen peroxide assay. In one embodiment, multiple
reagent droplets and sample droplets are provided on the droplet actuator combined using
droplet operations to conduct multiple hydrogen peroxide assays. The assays may be
conducted in a substantially parallel manner or sequentially. In one embodiment, the
assays are conducted sequentially so that each assay may be conducted in the presence of
a single detector. Following detection, and as a droplet may be transported using droplet
operations away from the detector, the subsequent assay may be set up in the presence of
the detector using droplet operations. Alternatively, assays may be set up away from the
detector, and transported into the presence of the detector. The droplet actuator and/or
detection device may be electronically coupled to and controlled by a processor. The
processor may, for example, be programmed to control the droplet operations electrodes
in order to affect the droplet-based hydrogen peroxide assay protocol. In one
embodiment, where the curve is initially not linear, multiple reactions can be started in
sequence and incubated until the curve becomes linear, at which point they can

sequentially be transported using droplet operations into the presence of the detector.

8.2 Droplet Actuator

For examples of droplet actuator architectures suitable for use with the present invention,
see U.S. Patent 6,911,132, entitled “Apparatus for Manipulating Droplets by
Electrowetting-Based Techniques,” issued on June 28, 2005 to Pamula et al.; U.S. Patent
Application No. 11/343,284, entitled “Apparatuses and Methods for Manipulating
Droplets on a Printed Circuit Board,” filed on filed on January 30, 2006; U.S. Patents
6,773,566, entitled “Electrostatic Actuators for Microfluidics and Methods for Using
Same,” issued on August 10, 2004 and 6,565,727, entitled “Actuators for Microfluidics
Without Moving Parts,” issued on January 24, 2000, both to Shenderov et al.; and Pollack
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et al., International Patent Application No. PCT/US 06/47486, entitled “Droplet-Based
Biochemistry,” filed on December 11, 2006, the disclosures of which are incorporated

herein by reference.

8.3  Fluids

For examples of sample fluids useful according to the approach of the invention, see the
patents listed in section 8.2, especially International Patent Application No. PCT/US
06/47486, entitled “Droplet-Based Biochemistry,” filed on December 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, amniotic fluid,
seminal fluid, vaginal excretion, serous fluid, synovial fluid, pericardial fluid, peritoneal
fluid, pleural fluid, transudates, exudates, cystic fluid, bile, urine, gastric fluid, intestinal
fluid, fecal samples, fluidized tissues, fluidized organisms, biological swabs and

biological washes.

8.4  Filler Fluids

The droplets used in the assays of the invention may be completely or partially
surrounded by a filler fluid. The filler fluid may, for example, be a low-viscosity oil, such
as silicone oil. Other examples of filler fluids are provided in International Patent
Application No. PCT/US 06/47486, entitled “Droplet-Based Biochemistry,” filed on
December 11, 2006.

Concluding Remarks

The foregoing detailed description of embodiments refers to the accompanying drawings,
which illustrate specific embodiments of the invention. Other embodiments having

different structures and operations do not depart from the scope of the present invention.

This specification is divided into sections for the convenience of the reader only.

Headings should not be construed as limiting of the scope of the invention.

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

10
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is for the purpose of illustration only, and not for the purpose of limitation, as the present

invention is defined by the claims as set forth hereinafter.

11
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We claim:

10.

A method of conducting a hydrogen peroxide assay for detecting an analyte, the
method comprising combining hydrogen peroxide assay reagents and sample into
a droplet having a volume which ranges from about 1 nL to about 10 pL and

conducting the assay in the droplet to yield a detectable signal.

The method of claim 1 wherein the hydrogen peroxide assay reagents comprise
an oxidase, a peroxidase, and a substrate which produces a signal molecule in the
presence of a peroxidase and hydrogen peroxide.

The method of claim 2 wherein the peroxidase comprises horseradish peroxidase.

The method of claim 2 wherein the analyte comprises glucose and the oxidase

comprises glucose oxidase.

The method of claim 2 wherein the sample comprises a biological fluid and the

peroxidase is provided in an amount which produces a substantially linear result.

The method of claim 5 wherein the result has a lag time which is less than about

five seconds.

The method of claim 5 wherein the result has substantially no lag time.

The method of claim 1 wherein the droplet has a size which ranges from about 10

nL to about 1 pL.

The method of claim 1 wherein the droplet has a size which ranges from about 1

nL to about 500 nL.
The method of claim 1 wherein the combining of hydrogen peroxide assay

reagents and sample comprises combining one or more sample droplets with one

or more hydrogen peroxide assay reagents using one or more droplet operations.

12
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The method of claim 10 wherein one or more of the droplet operations comprises

an electrode mediated droplet operation.

The method of claim 10 wherein one or more of the droplet operations comprises

an electric field mediated droplet operation.

The method of claim 10 wherein one or more of the droplet operations comprises

an electrowetting mediated droplet operation.

The method of claim 10 wherein one or more of the droplet operations comprises

an electrophoresis mediated droplet operation.
The method of claim 1 wherein the analyte is selected from a group consisting of
metabolites present in the blood susceptible to production of hydrogen peroxide

in the presence of an oxidase.

The method of claim 1 wherein the analyte is selected from a group consisting of

creatinin, lactate, pyruvate, bilirubin, glutamate.

The method of claim 1 wherein the droplet is partially or completely surrounded

by a filler fluid which is immiscible with the droplet.

The method of claim 17 wherein the filler fluid comprises an oil.

The method of claim 17 wherein the filler fluid comprises a silicon oil.

The method of claim 1 wherein the assay comprises a flash assay in which

substantially all of the analyte is consumed.
The method of claim 20 wherein the sample and reagents for conducting the flash
assay are combined in the presence of sensor on the droplet actuator using one or

more droplet operations.

A method of conducting a hydrogen peroxide assay, the method comprising

combining hydrogen peroxide assay reagents and sample into a droplet and

13
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conducting the assay in the droplet to yield a detectable signal, wherein the assay

produces a substantially linear result.

23. A method of conducting a hydrogen peroxide assay for detecting an analyte, the

method comprising:

(a) combining hydrogen peroxide assay reagents and sample into a droplet
and conducting the assay in the droplet to yield a detectable signal,
wherein substantially all of the analyte is consumed;

(b) detecting the signal; and

(c) analyzing the signal to determine the quantity of analyte in the sample.

24, The method of claim 23 wherein the sample and reagents for conducting the
assay are combined in the presence of a sensor on the droplet actuator using one

or more droplet operations.

25. The method of claim 23 wherein substantially all of the analyte is consumed in

less than about 5 minutes.

26. The method of claim 23 wherein substantially all of the analyte is consumed in

less than about 2 minutes.

27. The method of claim 23 wherein the sample comprises a biological sample.

28. The method of claim 23 wherein the sample is selected from the group consisting

of blood, serum, and plasma.

29. A method of detecting multiple analytes on a single droplet actuator using a

single detector, the method comprising:

(a) providing a droplet actuator device comprising:

14
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(1) a substrate comprising electrodes arranged for conducting droplet
operations on a droplet operations surface of the substrate; and
(ii) one or more reservoirs in fluid communication with the droplet
operations surface comprising one or more reagents for
conducting an assay in which hydrogen peroxide is an
intermediate; and
(b) using droplet operations to combine multiple sample droplets with
multiple reagents to conduct multiple hydrogen peroxide assays on a
single droplet actuator.
The method of claim 29 wherein assay reactions are started sequentially and

presentation to a detector is timed so that droplets are presented during a phase in

the assay reaction having substantially linear kinetics.

15
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