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AC ELECTROSPRAYED DROPLETS FOR DIGITAL AND EMULSION PCR

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. §119(e) to U.S. Provisional Patent
Application No. 62/342,912, filed May 28, 2016, which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

Digital and Emulsion PCR is a commercialized technology that inserts one biopolymer
of nucleic acids into a single droplet with the PCR cocktail for performing a Polymerase Chain
Reaction (PCR) in the droplet. Whether each droplet contains the target nucleic acid
(amplicon) is then determined by optical reporters, typically molecular beacons, during or after
PCR amplification. The advantage of such nucleic acid isolation is that it minimizes cross-talk
and incorrect amplification in a heterogeneous sample with many different nucleic acids of
similar sequences. Digital PCR (dPCR) hence minimizes sample pretreatment considerably.
It also allows enumeration of a small number of target nucleic acids. It is considered to be
ideal for micro RNA (miRNA) profiling, a promising early diagnostic assay, which quantifies
a small number of target miRNA out of more than a thousand others, each with only a few
mismatches because of the short length (22 bases) of miRNAs. It is also suitable for cell-free
protein engineering or directed evolution where a single sequence must be selected out of
trillions of different permutations that can express the proper protein. However, the current
emulsion or flow-focusing dPCR technology do not have a sufficiently high throughput to
provide practical large scale screening for protein engineering, directed evolution, and other
large-volume assays.

Digital PCR can be useful for early detection of cancer, which is important for
maximizing chances of patient survival. Liquid biopsy is currently the preferred method of
screening due to minimized invasiveness, reduced patient pain, and lower cost. Inrecent years,
miRNA has received significant attention as the preferred biomolecule used for early cancer
screening due to its expression level change in very early stages of cancer before symptoms are
observed. In addition, miRNA is relatively stable inside blood compared to other RNAs.

Difficulties of accurate quantification and profiling of different miRNA include
requirement of high dynamic range and high sensitivity. The throughput of current flow-
focusing technologies cannot achieve both the high dynamic range and sensitivity needed to
make the application of dPCR as a practical first option in diagnostic assays for cancer.

Accordingly, there is a need for a technology that can reach the desirable throughput.
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SUMMARY

Two of the most widely used technologies used for miRNA profiling are real-time PCR
(qPCR) and digital PCR (dPCR). Each of those technologies are limited in one of the two
areas: 1) qPCR has the large dynamic range required, but lacks the required sensitivity for rare
miRNA, and 2) dPCR has very good sensitivity (at the level of single template detection), but
lacks the dynamic range needed, due to the size and throughput of droplets generated. To fully
utilize the high sensitivity of current dPCR technology while improving its dynamic range, a
novel droplet generation method using an alternating current (AC) electrospray is disclosed.
An integrated dPCR apparatus has been designed comprising a high production droplet
generation unit, a PCR unit, and a detection unit {¥igure i}

We have discovered that an AC spray can generate much more monodispersed droplets
at micron dimensions because the droplets are weakly charged in comparison to other
electrospray technologies. We also discovered that it is possible to AC spray a PCR cocktail
and a nucleic acid sample into an oil to obtain droplets (Figure 2) with a tunable radius, for
example, between 1 to 10 microns (Figure 3). Validation of PCR amplification has been
carried out and compared to amplicons amplified without an AC electrospray step. Proper
selection of surfactants, AC frequency, voltage and oil has produced a set of operating
conditions that provide monodispersed droplets. An upper bound on the voltage and a lower
bound on the droplet size was found beyond which the nucleic acid is denatured and cannot be
amplified by PCR. The droplet size is a function of the voltage and frequency and the size
dispersity is associated to the occurrence of a jet in front of the cone. Theses droplets can be
tuned, for example, from one to 50 microns and are highly monodispersed (Figure 3). More
importantly, it has a throughput that is at least 100 times higher than the current flow-focusing
state of the art. The droplets can also be generated with a very simple apparatus that requires
no meticulous tuning (Figure 4 and Figure 5).

An AC electrospray of water drops in oil can reach at least a lower limit of 1-micron in
droplet size for PCR amplification. However, it is also possible to spray other liquids, for
example, oil-in-water, organic solvent-in-water, or organic solvent-in-oil etc., that can provide
droplets at the nanoscale size. Such a nano-emulsion could be of interest to drug companies
because a nano-emulsion is very stable and hence can deliver liquid drugs. A nano-emulsion
can also be used for making soft material (i.e., from polymers and gels) drug encapsulations at
the nanoscale.

Obtained experimental results indicate that droplets ranging from 1-5 um can be

generated using AC electrospray at the rate of 1 million drops per second, which is 30 times



10

15

20

25

30

WO 2017/209906 PCT/US2017/031715

faster than currently available commercial products. The droplets are PCR viable and
fluorescent signals can be detected using a CCD camera. About 70% of all templates can be
detected using the disclosed, which can be improved with further optimization. In addition,
AC electrospray dPCR is also more tolerant to presence of PCR inhibitors, which indicates less
pretreatment will be required before the sample can be used for testing,

Accordingly, this disclosure provides an apparatus that can produce monodispersed
droplets at an unprecedented rate. For example, an apparatus for a current droplet generator
comprises a) an electrospray emitter having a conical end and an orifice at the conical end, and
a conduit to the orifice for a pressurized fluid, wherein the emitter can generate liquid droplets
from the pressurized fluid at the orifice by an alternating current; b) an alternating current
electrode and an optional counter electrode that are configured to provide the alternating
current; and ¢) a droplet chamber having one or more inlets for the electrospray emitter and a
droplet suspending medium, wherein the conical end of the emitter is at least partially inserted
into the chamber, and when the droplet suspending medium flows into the chamber the conical
end is immersed in the medium; wherein more than 100 monodispersed liquid droplets per
second can be produced from the pressurized fluid by the alternating current droplet generator
in the droplet suspending medium to form an emulsion.

An embodiment of the above disclosed apparatus can be utilized in a droplet digital
polymerase chain reaction (PCR) apparatus comprising: a) the alternating current droplet
generator; b) a capillary for a pressurized fluid sample comprising template molecules to flow
from the capillary to the conduit of the electrospray emitter; ¢) a PCR thermal cycler, having
an optional Peltier heater, configured to receive an emulsion of a fluid sample from the droplet
chamber; and d) a detector; wherein a sufficient number of liquid droplets are generated from
a pressurized fluid sample to achieve a binary distribution of template molecules among the
droplets, when an alternating current is applied to the pressurized fluid sample comprising
template molecules at the electrospray emitter, and the distribution of zero or one template
molecule per droplet is independent of the template number in the fluid sample.

This disclosure also provides a method for producing monodispersed droplets at an
unprecedented rate. The method comprises: a) applying an alternating current electric field to
an electrospray emitter; b) introducing a fluid into the emitter; and c) generating an electrospray
by the emitter from the fluid at a rate of more than 100 liquid droplets per second in a droplet
suspending medium to form a stable emulsion; wherein the electrospray produces
monodispersed liquid droplets having a diameter ranging from about 0.1 micrometers to about

1000 micrometers in the droplet suspending medium.
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An embodiment of the above method can be utilized in a method for performing a
droplet digital polymerase chain reaction (PCR) comprising: a) applying an alternating current
electric field to an electrospray emitter; b) introducing a fluid into the emitter, wherein the fluid
comprises one or more template molecules and PCR reagents; ¢) generating an electrospray by
the emitter from the fluid at a rate of more than 100 liquid droplets per second in a droplet
suspending medium to form a stable emulsion; d) amplifying an amplicon of one or more
template molecules in a PCR thermal cycler; and e) detecting the amplicons; wherein the
electrospray produces monodispersed liquid droplets having a diameter ranging from about 0.1

micrometers to about 1000 micrometers in the droplet suspending medium.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the specification and are included to further
demonstrate certain embodiments or various aspects of the invention. In some instances,
embodiments of the invention can be best understood by referring to the accompanying
drawings in combination with the detailed description presented herein. The description and
accompanying drawings may highlight a certain specific example, or a certain aspect of the
invention. However, one skilled in the art will understand that portions of the example or
aspect may be used in combination with other examples or aspects of the invention.

Figure 1. Schematic of the AC spray digital PCR platform. It is divided into three
sections: droplet generation, amplification, and detection.

Figure 2. Large-scale droplet generation inside mineral oil. The meniscus at the tip of
the syringe is stretched into a conical shape by the electric field and disperses into droplets.
The droplets appear as a very fine mist. In A{ efectrospray with POR cocktail and nucleic
acids, the must at the end of the orifice compnises micron-sized water droplets with surfactants
in the enuiision.

Figure 3. image of spraved water drops m ol Dirops range between 1 o 10 microns.
Droplets are stable before (left) and after (right) 2 hours of PCR.

Figure 4. Schematic diagram of alternating current droplet generator. The conical
orifice has a diameter of about 1-10 microns. The capillary i.d. is about 100 microns, and
capillary o.d. is about 1 mm.

Figure 5. Prototype apparatus of alternating current droplet generator.

Figure 6. Graph of droplet size as a function of voltage.

Figure 7. Image for droplets at 460V (bar is 100 microns).

Figure 8. Image for droplets at SO0V (bar is 100 microns).
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Figure 9. Polycarbonate PCR chip and teraperature profile when the chip s placed
onto the Peltier heaters. Temperature gradient between S5°C and 95°C can be identified ouv the
chip.

Figure 10. PCR amplification inside loop-based PCR chip is successful. The correct
amplicon is about 200 base pairs long. The nonspecific amplicon size is estimated to be 50-70
base pairs and is speculated to be primer dimers.

Figure 11. PCR amplification is successful inside droplets and fluorescence signals
can be detected. Gel electrophoresis is performed on the same samples for comparison.

Figure 12. Fluorescent droplets cannot be visually detected with unprocessed photo.
Processed shows that fluorescent signal can be picked up by the camera at necessary exposure
time of 100ms or lower.

Figure 13. Droplets can be identified under bright field or fluorescent light. Custom
software made is able to identify and encircle (shown in green) droplets.

Figure 14. Low number of droplets per frame (10 and 2) are successfully identified.

Figure 15A-15B. Gel electrophoresis shows that conventional PCR retains only 25%
efficiency when 1mM Ca®" is added (15A). At 100uM, 75% efficiency is achieved. No

significant changes are observed at 10uM or lower (15B).

DETAILED DESCRIPTION

Digital droplet PCR offers the ability to count target nucleic acids at one molecule
resolution (Baker, Nature 2012, 9(6), 541). The current Digital PCR technology usually uses
flow-focusing (Anna et al., App. Phys. Letters 2003, 82(3), 364; Zhang et al., Lab Chip 2015,
15, 4217), T-junction (Tanaka et al., Analytical Chemistry 2015, 15, 4217), or a hybrid version
of flow-focusing and T-junction technologies (Hatch et al., Lab Chip 2011, 11, 3838). These
droplet generation technologies use only hydrodynamic forces, such as shear and pressure.
This technology can generate up to 10° droplets per sample, after about 15 minutes. For
example, the latest RainDance commercial product can generate up to 10 million droplets per
sample, after 15 minutes (Baker, Nature 2012, 9(6), 541). The RainDance instrument price tag
is substantial and the cost per sample is high. It is also difficult to tune the flow focusing and
T-junction technologies to vary the droplet size and their rate of generation, because the balance
among shear, capillary and pressure forces is delicate.

Easy tuning and the ability to generate droplets at a high rate are important for droplet
digital PCR of one or more targets in a sample. The target can be a polynucleotide, and the

target number is unknown in the original sample, i.e., the number of targets in the sample is
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unknown. With a large target number, it is necessary to generate significantly more droplets
than targets (Baker, Nature 2012, 9(6), 541) such that there is either one target or no target in
each droplet. However, better imaging and quantification accuracy is achieved with lower
droplet number. Hence, for samples with a low target count, the platform would ideally allow
for simple parameter adjustment to lower droplet generation rates. Currently, the flow-
focusing and T-junction droplet digital PCR technologies typically partition an unknown
sample into samples with different dilutions. They are tested repeatedly until the one sample
with target number lower than the droplet number is found. These iterative dilution steps
require more assay steps. The also lead to analyte loss as the assayed samples cannot be reused.

In this disclosure, a new AC spray technology for droplet generation uses an AC field
instead of hydrodynamic forces, to pinch off the droplets at an emitter. This technology can
generate up to 10° drops per second or 100 million droplets, over a typical assay time of 15
minutes, with lower instrumentation and sample costs than other technologies discussed above.
The droplet size and generation frequency can be easily tuned by adjusting the AC field and

frequency for different samples with different target numbers for various applications.

Definitions

The following definitions are included to provide a clear and consistent understanding
of the specification and claims. Asused herein, the recited terms have the following meanings.
All other terms and phrases used in this specification have their ordinary meanings as one of
skill in the art would understand. Such ordinary meanings may be obtained by reference to
technical dictionaries, such as Hawley’s Condensed Chemical Dictionary 14™ Edition, by R.J.

Lewis, John Wiley & Sons, New York, N.Y., 2001.

"non
2

References in the specification to "one embodiment", "an embodiment", etc., indicate
that the embodiment described may include a particular aspect, feature, structure, moiety, or
characteristic, but not every embodiment necessarily includes that aspect, feature, structure,
moiety, or characteristic. Moreover, such phrases may, but do not necessarily, refer to the same
embodiment referred to in other portions of the specification. Further, when a particular aspect,
feature, structure, moiety, or characteristic is described in connection with an embodiment, it
is within the knowledge of one skilled in the art to affect or connect such aspect, feature,
structure, moiety, or characteristic with other embodiments, whether or not explicitly
described.

The singular forms "a," "an," and "the" include plural reference unless the context
clearly dictates otherwise. Thus, for example, a reference to "a compound" includes a plurality

of such compounds, so that a compound X includes a plurality of compounds X. It is further
6
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noted that the claims may be drafted to exclude any optional element. As such, this statement
is intended to serve as antecedent basis for the use of exclusive terminology, such as "solely,"
"only," and the like, in connection with any element described herein, and/or the recitation of
claim elements or use of "negative" limitations.

The term "and/or" means any one of the items, any combination of the items, or all of
the items with which this term is associated. The phrases "one or more" and "at least one" are
readily understood by one of skill in the art, particularly when read in context of its usage. For
example, the phrase can mean one, two, three, four, five, six, ten, 100, or any upper limit
approximately 10, 100, or 1000 times higher than a recited lower limit. For example, one or
more template molecules refers to one to fifty, one to forty, one to thirty, etc., for a sample
containing any number of template molecules.

As will be understood by the skilled artisan, all numbers, including those expressing
quantities of ingredients, flow rates, or sample numbers, and properties such as molecular
weight, reaction conditions, voltages, electric currents, and so forth, are approximations and
are understood as being optionally modified in all instances by the term "about." These values
can vary depending upon the desired properties sought to be obtained by those skilled in the
art utilizing the teachings of the descriptions herein. It is also understood that such values
inherently contain variability necessarily resulting from the standard deviations found in their
respective testing measurements. When values are expressed as approximations, by use of the
antecedent "about," it will be understood that the particular value without the modifier "about"
also forms a further aspect.

The terms "about" and "approximately" are used interchangeably. Both terms can refer
to a variation of £ 5%, £ 10%, + 20%, or + 25% of the value specified. For example, "about
50" percent can in some embodiments carry a variation from 45 to 55 percent, or as otherwise
defined by a particular claim. For integer ranges, the term "about" can include one or two
integers greater than and/or less than a recited integer at each end of the range. Unless indicated
otherwise herein, the terms "about" and "approximately" are intended to include values, e.g.,
weight percentages, proximate to the recited range that are equivalent in terms of the
functionality of the individual ingredient, composition, or embodiment. The terms "about" and
"approximately" can also modify the end-points of a recited range as discussed above in this
paragraph.

As will be understood by one skilled in the art, for any and all purposes, particularly in
terms of providing a written description, all ranges recited herein also encompass any and all

possible sub-ranges and combinations of sub-ranges thereof, as well as the individual values
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making up the range, particularly integer values. It is therefore understood that each unit
between two particular units are also disclosed. For example, if 10 to 15 is disclosed, then 11,
12, 13, and 14 are also disclosed, individually, and as part of a range. A recited range (e.g.,
weight percentages, carbon groups, polymer sizes) includes each specific value, integer,
decimal, or identity within the range. Any listed range can be easily recognized as sufficiently
describing and enabling the same range being broken down into at least equal halves, thirds,
quarters, fifths, or tenths. As a non-limiting example, each range discussed herein can be

readily broken down into a lower third, middle third and upper third, etc. As will also be

"non
2

"non
2

understood by one skilled in the art, all language such as "up to", "at least", "greater than", "less

"non
2

than", "more than", "or more", and the like, include the number recited and such terms refer to
ranges that can be subsequently broken down into sub-ranges as discussed above. In the same
manner, all ratios recited herein also include all sub-ratios falling within the broader ratio.
Accordingly, specific values recited for radicals, substituents, and ranges, are for illustration
only; they do not exclude other defined values or other values within defined ranges for radicals
and substituents. It will be further understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and independently of the other endpoint.

One skilled in the art will also readily recognize that where members are grouped
together in a common manner, such as in a Markush group, the invention encompasses not only
the entire group listed as a whole, but each member of the group individually and all possible
subgroups of the main group. Additionally, for all purposes, the invention encompasses not
only the main group, but also the main group absent one or more of the group members. The
invention therefore envisages the explicit exclusion of any one or more of members of a recited
group. Accordingly, provisos may apply to any of the disclosed categories or embodiments
whereby any one or more of the recited elements, species, or embodiments, may be excluded
from such categories or embodiments, for example, for use in an explicit negative limitation.

The term "contacting" refers to the act of touching, making contact, or of bringing to
immediate or close proximity, including at the cellular or molecular level, for example, to bring
about a physiological reaction, a chemical reaction, or a physical change, e.g., in a solution, in
a reaction mixture, in vitro, or in vivo.

The term “substantially”, as used herein, is a broad term and is used in its ordinary
sense, including, without limitation, being largely but not necessarily wholly that which is
specified. For example, the term could refer to a numerical value that may not be 100% the full

numerical value. The full numerical value may be less by about1%, about 2%, about 3%, about



10

15

20

25

30

WO 2017/209906 PCT/US2017/031715

4%, about 5%, about 6%, about 7%, about 8%, about 9%, about 10%, about 15%, or about
20%.

The term “electrospray” refers to an apparatus that employs electricity to disperse a
fluid (i.e., a liquid) into liquid droplets, or a fine aerosol. High voltage is applied to a liquid
supplied through an “emitter” constructed of a glass capillary or metallic capillary. The tip of
the emitter can be, for example, tapered to have a conical shape with an orifice or opening at
the front of the tip. For example, a Hamilton® micro-needle can serve as an emitter. The inner
diameter of the micro-needle can be, for example, in the range of about 0.05 mm to about 0.5
mm. High voltage which produces the electrospray can be from a direct current (DC) electric
field, or an alternating current (AC) electric field. The electrospray emitter can be
“configured”, for example, with an AC electrode in direct or indirect contact with the emitter.
The electrode may also be inserted inside of, for example, a glass emitter. A liquid can be
supplied, for example, through an inlet to the emitter by use of pressure. The pressure is
applied, for example, through a manual syringe, a syringe pump, a diaphragm pump, a piston
pump, a hydraulic pump, a compressed gas such as air or nitrogen, or any known apparatus or
method of producing pressure, wherein the amount of pressure can be controlled, for example,
by a pressure regulator.

The term “fluid”, as used herein, refers to a liquid or a liquid mixture. The liquid can
be, for example, water, an organic solvent, or an oil. The liquid can comprise a mixture of one
or more miscible or immiscible liquids. The liquid can comprise a mixture of substances in the
liquid, and the substances can be dissolved in the liquid, suspended in the liquid, or a
combination thereof. The substances can include but are not limited to, for example, biological
substances, proteins, DNA, RNA, enzymes, cells, various components of a cell, cancer cells,
PCR reagents, surfactants, additives, salts, and oils. The fluid or the liquid can be in the form
of a droplet, such as a liquid droplet or an aerosol produced by electrospray.

The term “droplet suspending medium (DSM)” refers to, for example, an oil, water, an
organic solvent, which is immiscible with the fluid (defined above). The DSM is also
immiscible with a liquid droplet, or an aerosol that is produced from a fluid, or immiscible with
a liquid droplet, or an aerosol produced from an electrosprayed fluid.

The term “emulsion” refers to an immiscible mixture of liquid droplets and the droplet
suspending medium, wherein the liquid droplets are “suspended” in the DSM. The suspended
droplets that form an emulsion with the DSM can, for example, remain “stable” to the extent
that the droplets do not “coalesce” to form larger droplets or form a liquid layer that partitions

out of the DSM. The DSM can be, for example, an oil which “carries” an emulsion of liquid
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droplets from a chamber where the emulsion is produced to another chamber where a sample
in the droplets is detected.

The term “immiscible” refers to liquids that do not form a homogeneous mixture when
added together. For example, water is does not appreciably dissolve in an oil and therefore
remains most separated from the oil. Similarly, water droplets suspended in an oil are
immiscible with the oil which allow the water to remain as a droplet suspended in the oil.

The term “monodispersed” refers to two or more liquid droplets having substantially
the same size, substantially the same diameter, substantially the same radius, or substantially a
uniform size in dispersed phase. Monodispersed liquid droplets can vary in size by, for
example, = 2 microns, £ 5 microns, £ 10 microns, or = 20 microns. When a range of
monodispersed liquid droplets is recited, the range refers to the size of all droplets in the DSM,
and not the different sizes of droplets in the DSM. For example, “monodispersed liquid
droplets having a diameter ranging from about 0.1 micrometers to about 1000 micrometers in
the droplet suspending medium” means, for a particular diameter of liquid droplet within the
range cited, all the dispersed droplets have the same diameter, or a substantially similar
diameter, for each of the droplet diameters in the range recited above.

The term “capillary” refers to a narrow bore tube that has an internal diameter of hair-
like thinness, or an internal diameter of less than 5 mm, less than 4 mm, less than 3 mm, less
than 2 mm, less than 1 mm, less than 0.5 mm, less than 0.25 mm, or less than 0.1 mm.

The term “metal” refers to a metal that conducts electricity and can comprise of, for
example but not limited to steel, stainless steel, iron, titanium, aluminum, copper, platinum,
tungsten, nickel, zinc, silver, gold, chromium, cobalt, iridium, lead, tin, palladium, cadmium,
zirconium, vanadium, molybdenum, or combinations thereof.

The term “chamber” refers to a vessel that is partially or fully enclosed. The chamber
may comprise, among other things, a fluid, a liquid, an oil, water, a mixture, an emulsion, a
suspension, or one or more droplets. The chamber, for example, may hold a volume of a liquid,
or oil, or an emulsion for a certain length of time or allow such fluids to pass or flow through
the chamber. The chamber may be constructed of any material compatible with the fluid or
liquid it carries. The chamber may have internal dimensions suitable for the purposes of, for
example, where an electrospray forms and emulsion, where PCR thermal cycling takes place,
or where a sample is detected. The chamber may be substantially two-dimensional or may be
three dimensional, depending on the intended use of the chamber within the context of this
disclosure. For example, a droplet chamber can comprise a cylindrical or a cubical volume

with inlets and outlets for the production and flow of emulsions. A PCR chip can comprise of

10
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a single serpentine channel of continuous “S”-shaped loops, or an array of multiple channels.
A chamber can be configured for batch PCR. A two-dimensional chamber may be used, for
example, to detect the signal from a sample that is substantially along a plane, or a three-
dimensional chamber may be used, for example, to collect samples for three-dimensional
imaging using a three-dimensional detector.

The term “bodily fluid” refers to fluids inside living or deceased humans, animals, or
plants. For example, in humans, a bodily fluid can be amniotic fluid, aqueous humour, vitreous
humour, bile, blood serum, breast milk, cerebrospinal fluid, cerumen, chyle, chyme,
endolymph, perilymph, exudates, feces, female ejaculate, gastric acid, gastric juice, lymph,
mucus, pericardial fluid, peritoneal fluid, pleural fluid, pus, theum, saliva, sebum, serous fluid,
semen, smegma, sputum, synovial fluid, sweat, tears, urine, vaginal secretion, and vomit.

The term “biomarker” refers to a measurable indicator of some biological state or
condition, or to a substance, the presence of which indicates the existence of a living organism.
Life forms can shed unique chemicals, including DNA, or cancer miRNA into a surrounding
area as evidence of their presence. Biomarkers can be measured and evaluated to examine
normal biological processes, pathogenic processes, cancers, or pharmacologic responses to a
therapeutic intervention.

The term “PCR reagent” is a term given ordinary meaning to a person skilled in the art
and can include one or more PCR reagents. For example, a PCR reagent can comprise a
polymerase enzyme (typically Taq Polymerase), primers, deoxynucleotide (ANTP), MgCl,,
cofactors, physiological buffers. For reverse-transcription, the PCR reagents can also comprise

a reverse-transcription polymerase.

Embodiments of the Invention

In one embodiment of the disclosed apparatus, an alternating current droplet generator
comprises: a) an electrospray emitter having a conical end and an orifice at the conical end,
and a conduit to the orifice for a pressurized fluid, wherein the emitter can generate liquid
droplets from the pressurized fluid at the orifice by an alternating current; b) an alternating
current electrode and an optional counter electrode that are configured to provide the
alternating current; and c¢) a droplet chamber having one or more inlets for the electrospray
emitter and a droplet suspending medium, wherein the conical end of the emitter is at least
partially inserted into the chamber, and when the droplet suspending medium flows into the
chamber the conical end is immersed in the medium; wherein more than 100 monodispersed
liquid droplets per second can be produced from the pressurized fluid by the alternating current
droplet generator in the droplet suspending medium to form an emulsion.
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Embodiments of the droplet chamber can include one inlet for both the electrospray
emitter and the droplet suspending medium, or the droplet chamber can include two or more
inlets, wherein the electrospray emitter and the droplet suspending medium enter the droplet
chamber from separate inlets, wherein the inlets can be configured in different positions, for
example, a T-junction (see Figure 1). In other embodiments, one or more inlets may be
pressurized, or one or more inlets may be pressurized at different time intervals.

In yet other embodiments of the alternating current droplet generator, the AC droplet
generator may be grounded, the AC droplet generator may comprise a counter electrode, or the
droplet chamber may comprise a counter electrode.

Embodiments of the emitter include an inner diameter in the range of about 0.01 mm
to about 0.5 mm, about 0.01 mm to about 0.25 mm, about 0.01 mm to about 0.15 mm, about
0.05 mm to about 0.1 mm, about 0.1 mm to about 0.5 mm, about 0.0001 mm to about 0. 1 mm,
about 0.0001 mm to about 0.01 mm, or about 0.001 mm to about 0.01 mm. Embodiments of
the orifice include a diameter in the range of about 50 nm to about 10000 nm, about 100 nm to
about 10000 nm, about 250 nm to about 10000 nm, about 500 nm to about 10000 nm, about
750 nm to about 10000 nm, or about 1000 nm to about 10000 nm. Embodiments of an orifice
shape can include a variety of shapes that are not limited to, for example, a conical shape, or a
round shape.

Embodiments of the capillary include an inner diameter in the range of about 0.01 mm
to about 2 mm, 0.01 mm to about 1 mm, 0.01 mm to about 0.5 mm, about 0.01 mm to about
0.25 mm, about 0.01 mm to about 0.15 mm, about 0.05 mm to about 0.1 mm, about 0.1 mm to
about 0.5 mm, about 0.0001 mm to about 0. 1 mm, about 0.0001 mm to about 0.01 mm, about
0.001 mm to about 0.01 mm, about 50 nm to about 10000 nm, about 100 nm to about 10000
nm, about 250 nm to about 10000 nm, about 500 nm to about 10000 nm, about 750 nm to about
10000 nm, or about 1000 nm to about 10000 nm.

In another embodiment, the electrospray emitter comprises an alternating current
electrode, and a droplet chamber comprises a counter electrode and a droplet suspending
medium. (for example, see Figure 4). In additional embodiments, the droplet chamber is
without a counter electrode and comprises a droplet suspending medium. In various
embodiments of this disclosure the droplet suspending medium is an oil, wherein the oil may
be at atmospheric pressure, the oil may be at a pressure that is higher than atmospheric pressure,
or the oil may be at a pressure that is lower than atmospheric pressure.

In other embodiments, the oil may be flowing, or the oil may not be flowing.

Embodiments of the oil flow rate include a flow rate ranging from about 0.01 milliliters per
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minute to about 100 milliliters per minute, about 0.1 milliliters per minute to about 50 milliliters
per minute, or about 0.5 milliliters per minute to about 10 milliliters per minute.

In other embodiments, a droplet digital polymerase chain reaction (PCR) apparatus
comprises: a) an alternating current droplet generator; b) a capillary for a pressurized fluid
sample comprising template molecules to flow from the capillary to the conduit of the
electrospray emitter; ¢) a PCR thermal cycler, having an optional Peltier heater, configured to
receive an emulsion of a fluid sample from the droplet chamber; and d) a detector; wherein a
sufficient number of liquid droplets are generated from a pressurized fluid sample to achieve a
binary distribution of template molecules among the droplets, when an alternating current is
applied to the pressurized fluid sample comprising template molecules at the electrospray
emitter, and the distribution of zero or one template molecule per droplet is independent of the
template number in the fluid sample.

Embodiments of the alternating current droplet generator include a rate of droplet
generation of 100 droplets per second (dps), 10 dps, 10* dps, 10° dps, 10° dps, 107 droplets per
hour (dph), 10® dph, or 10° dph.

In additional embodiments, the electrospray emitter comprises glass with an internal
alternating current electrode, or the electrospray emitter comprises a conductive metal in
contact with an alternating current electrode.

In yet other embodiments, an emulsion can flow through the PCR thermal cycler,
wherein the PCR thermal cycler comprises a) a serpentine channel, or b) a chip chamber for
batch PCR.

In additional embodiments, the detector comprises a fluorescence detector, a
radioactive detector, a two-dimensional detector, a three-dimensional detector, or a
combination thereof.

In various other embodiments, the disclosed apparatus embodiments have a dynamic
range of at least 4 orders of magnitude and a sensitivity to detect a polynucleotide of less than
about 500 nucleic acid bases (NABs), less than about 100 NABs, less than about 50 NABs, or
less than about 25 NABs.

Embodiments of the polynucleotide include DNA, genomic DNA, RNA, micro RNA
(miRNA), messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), small
interfering RNA (siRNA).

In other additional embodiments, the disclosed apparatus embodiments have a
sensitivity to detect micro ribonucleic acid (miRNA), ribonucleic acid (RNA),

deoxyribonucleic acid (DNA), or a combination thereof.
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One embodiment for a method for producing liquid droplets comprises: a) applying an
alternating current electric field to an electrospray emitter; b) introducing a fluid into the
emitter; and c) generating an electrospray by the emitter from the fluid at a rate of more than
100 liquid droplets per second in a droplet suspending medium to form a stable emulsion;
wherein the electrospray produces monodispersed liquid droplets having a diameter ranging
from about 0.1 micrometers to about 1000 micrometers in the droplet suspending medium.

Embodiments of monodispersed liquid droplets include droplet diameters ranging from
about 0.1 micrometers to about 750 micrometers, about 0.1 micrometers to about 500
micrometers, about 0.1 micrometers to about 250 micrometers, about 0.1 micrometers to about
100 micrometers, about 0.1 micrometers to about 50 micrometers, about 0.1 micrometers to
about 25 micrometers, about 0.1 micrometers to about 10 micrometers, about 0.1 micrometers
to about 5 micrometers, about 0.1 micrometers to about 1 micrometer, or about 0.1 micrometers
to about 0.5 micrometers.

Embodiments of monodispersed liquid droplets include droplet volumes of about 1
picoliter, about 2 picoliters, about 3 picoliters, about 4 picoliters, about 5 picoliters, about 10
picoliters, about 20 picoliters, about 50 picoliters, about 100 picoliters, about 200 picoliters, or
about 500 picoliters.

In various embodiments, the diameter of a generated liquid droplet can be tuned to
different diameters by varying the voltage of the electric filed. In other embodiments, the
volume of a generated liquid droplet can be tuned to different volumes by varying the voltage
of the electric filed. In yet other embodiments, the diameter of a generated liquid droplet can
be tuned to different diameters by varying the frequency of the electric filed. In yet additional
embodiments, the volume of a generated liquid droplet can be tuned to different volumes by
varying the frequency of the electric filed.

In various embodiments of the disclosed methods, the frequency of the alternating
current ranges from about 1 kilohertz to about 1000 kilohertz, about 10 kilohertz to about 500
kilohertz, about 25 kilohertz to about 250 kilohertz, or about 50 kilohertz to about 150 kilohertz.
In various other embodiments, the potential of the alternating current ranges from about 0.01
kilovolts to about 1000 kilovolts, about 0.01 kilovolts to about 100 kilovolts, about 0.1 kilovolts
to about 10 kilovolts, or about 0.1 kilovolts to about 1 kilovolts.

In yet other embodiments, the fluid comprises a template molecule, one or more PCR
reagents, and water. In additional embodiments, the fluid further comprises a surfactant, b) the
carrier oil further comprises a surfactant, or ¢) both the fluid and the carrier oil further comprise

a surfactant. Other embodiments of surfactants comprise, but are not limited to, tween,
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fluorinated surfactants, sodium dodecyl sulfate, any commercially available surfactant, or any
surfactant that helps prevent droplets from coalescing,

In yet other various embodiments, the fluid is flowing at rate of about 0.1 microliters
per minute to about 10000 microliters per minute, about 1 microliters per minute to about 1000
microliters per minute, about 1 microliters per minute to about 100 microliters per minute,
about 1 microliters per minute to about 75 microliters per minute, about 1 microliters per
minute to about 50 microliters per minute, about 1 microliters per minute to about 25
microliters per minute, or about 1 microliters per minute to about 10 microliters per minute. In
various embodiments, the fluid is maintained at a constant flow rate by constant pressure, or
the fluid flows to the electrospray continuously at a constant flow rate, or the fluid flows to the
electrospray continuously at a constant flow rate by constant pressure. In other embodiments,
the fluid comprising water under pressure flows to the electrospray continuously.

In additional embodiments, the droplet suspending medium comprises a flowing carrier
oil. In other embodiments, the carrier oil is a mineral oil, a fluorinated oil, a silicone oil, or a
combination thereof. Embodiments of the carrier oil include a flow rate of about 10 microliters
per minute to about 100 microliters per minute, about 1 microliters per minute to about 75
microliters per minute, about 1 microliters per minute to about 50 microliters per minute, about
1 microliters per minute to about 25 microliters per minute, or about 1 microliters per minute
to about 10 microliters per minute.

In other various embodiments of the disclosed methods, the droplets to not substantially
coalesce in the carrier oil. In additional; embodiments, the fluid comprises one or more
biological substances. In yet other embodiments, the droplet suspending medium substantially
comprises flowing water.

Various other embodiments of the disclosed methods include a method for performing
droplet digital polymerase chain reaction (PCR) comprising: a) applying an alternating current
electric field to an electrospray emitter; b) introducing a fluid into the emitter, wherein the fluid
comprises one or more template molecules and PCR reagents; ¢) generating an electrospray by
the emitter from the fluid at a rate of more than 100 liquid droplets per second in a droplet
suspending medium to form a stable emulsion; d) amplifying an amplicon of one or more
template molecules in a PCR thermal cycler; and e) detecting the amplicons; wherein the
electrospray produces monodispersed liquid droplets having a diameter ranging from about 0.1
micrometers to about 1000 micrometers in the droplet suspending medium.

In other various embodiments, the amplicon detected is a polynucleotide of less than

about 1000 nucleic acid bases (NABs), less than about 750 NABs, less than about 500 NABs,
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less than about 250 NABs, less than about 100 NABs, less than about 50 NABs, or less than
about 25 NABs. In yet further embodiments, the polynucleotide comprises a micro-ribonucleic
acid (miRNA), ribonucleic acid (RNA), deoxyribonucleic acid (DNA), or a combination
thereof. In other embodiments, the polynucleotide comprises a biomarker for a disease, such
as cancer.

Embodiments of diseases include, but are not limited to, cancer, infectious diseases (for
example, malaria and dengue), diseases relating to drug addiction, heart diseases that can cause
cardiac arrest, mental health diseases (causing, for example, depression), Alzheimer’s disease,
and immune diseases such as HIV. Embodiments of this disclosure are applicable for said
aforementioned diseases comprising pathogenic DNA, mRNA, or host miRNA biomarkers,
diseases comprising nuclei acid biomarkers, or other diseases comprising polynucleotide
biomarkers.

In additional embodiments, the biomarker comprises a biomarker found in a bodily
fluid. In other additional embodiments, the fluid further comprises a) a fluorescent reporter for
PCR amplicons, b) a fluorescent reporter for multiplex target quantification, ¢) an optical

barcode reporter for multiplex target quantification, or d) a radioactive reporter.

Technological Advances in Digital Droplet PCR and Applications

Cancer is the second most common cause of death in the United States, second to only
cardiovascular diseases. The main reason behind this fact is that early stage cancer detection
is difficult and symptoms are often detected only in Stage III and IV after metastasis has taken
place. This is particularly true for cancers such as prostate cancer, with about a 28% 5-year
survival rate when it is detected in late stages. Consequently, a biomarker that can be used as
an indicator for early stages of cancer is essential for a favorable prognosis. In recent years,
MicroRNA (miRNA) has started to receive significant attention for its role in cancer
development. These are short (18-22 bases) single-stranded nucleotides that show different
regulation patterns in cancer patients compared to healthy individuals. Thus, it is suggested
that understanding miRNA expression and its mechanism of regulation is needed to monitor
cancer progression. Furthermore, indication of a cancer disease can be revealed before any
noticeable symptom emerges. Another advantage of studying miRNA is that due to their
presence in biological fluids such as blood, urine, and saliva, it is possible to perform a liquid
biopsy. MicroRNA and certain fragments of DNA that are shed by the tumors into the
bloodstream can be used to screen for early-stage cancer. It can also explain cancer resistance,
and used to monitor tumor response to treatment. The technique is a minimally invasive
method compared to tissue biopsy, which is painful, expensive, and potentially risky for the
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patient. In contrast to messenger RNA (mRNA), miRNA is also very stable in vascular
circulation and thus is ideal as a blood-based biomarker.

Two of the biggest challenges for detection and quantification of miRNA come from
low template copy numbers inside body fluids and their change in expression levels, as
different genes can be up-related or down-regulated across several orders of magnitude. For
example, in pancreatic cancer, the miRNA, hsa-miR-492 was shown to be up-regulated by 2 to
3 orders of magnitude, while hsa-miR-217 is down-regulated by 2 to 3 orders of magnitude. In
this case, a system with a dynamic range of 5 to 6 orders of magnitude is necessary to accurately
profile such miRNAs. Specific strands of miRNA are also often rare in blood, ranging from
10 to 100 copies per millimeter of sample. Therefore, single-template sensitivity is often
needed in to identify and quantify rare miRNAs.

Currently, polymerase chain reaction (PCR) is the most widely used method of
amplifying low copy numbers of DNA across several orders of magnitude into large copies of
a specific sequence. Real-time PCR (qPCR), which is currently the most widely used tool for
miRNA profiling, is a technique based on PCR. This technique monitors amplification of DNA
during PCR, in contrast to end-point detection used by conventional PCR in conjunction with
gel electrophoresis. The biggest advantage of qPCR is its large dynamic range, which spans
over 6 to 7 orders of magnitude and is a significant improvement over gel electrophoresis
detection, which only has 1 to 2 orders of magnitude of dynamic range. However, qPCR suffers
from several significant limitations. First, qPCR requires very pure samples since it will only
work effectively under specific conditions, such as pH and ionic strength, and thus can often
be inhibited by other ions and biomolecules. Consequently, samples from real body fluids
often need to be extensively pretreated to remove interfering reagents, such as calcium ion
(Ca*"), bilirubin, and other proteins that are abundant in biological samples. The pretreatment
process is often the most time-consuming and expensive step. Moreover, to accurately assess
the expression level of a given miRNA, data must be compared to a previously-generated
standard curve from the same template with identical primers and conditions. This additional
process is both labor and time-consuming and susceptible to many uncertainties.

To overcome these hmitations, a vew PCR technigue known as digital PCR (dPCR)
was developed to provide a different approach to nucleic acid detection via amplification. In
contrast to having a single bulk agueous phase, the PCR solution 18 separated into judividual
droplets stabilized by surfactants inside an cil phase. The partitioning of the sample, which
may need to be diluted, allows one to estimate the number of different molecules by assuming

that the molecule population follows a Poisson distribution and that each droplet contains either
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0 or 1 template of interest. DBNA quantification is performed based on the number of total
positive reactions.  Since quantification is absolute and not compared to calibration curves,
dPCR doss not have a reliance on rate-based measurements (such as CT values), endogenous
controls, and pre-constructed calibration curves. In addition, studies mvolving low copy
numbers of nucleic acids have shown that digital PCR has a sensitivity and precision that is
comparable to gPCR, and 15 able to detect a single DNA template inside a sample. One of the
reasons is that, by partitioning different DNA tewplates 1uside wndividual droplets, the cross-
talking between different templates have been minimized, thus reducing the probability of
producing shorter, undesired amplicons. Since there the ratio of the number of target miRNA
to the entire nucleic acid population is about 107, isolating a maxinum of 10" targets from other
nucleic acids in a typical 10-microliter sample would require 10'” droplets.  This droplet
number shall be used as the ideal number for a 10-microliter sample.

Sumilarly, 1t has been shown that dPCR displays a higher tolerance towards inhibitors
in blood, urine, and saliva samples. The most common PCR inhibitor is Ca™? which can reach
as high as 1 mM in many physiclogical samples. Protein tnhibntors in biood can reach similar
concentrations. If the number of droplets “p” greatly exceeds both the template number “m”
and the inhibitor number “n”, the probability of both being in the same droplet is (mn/p?). For
a typical 10 microliter sample, the temaplate nurnber m does not exceed 10 while the inhibitor
number 1 is at most 10'° (corresponding to a maximum mM concentration). Hence, generating
S micron droplets from the sample, or the equivalent ideal goal of p=10'” droplets would reduce
the probability of both wnhibutor and template tn the same droplet to less than 10%, or wnerease
the PCR amplification efficiency by more than 10 times,

While digital PCR can improve upon several limitations attributed to qPCR, current
techniques for droplet generation has imposed some challenges. With currently available

technology, almost all droplets have been generated sequentially by flow focusing using Y-

function mucrothndic chips. The fastest droplet generation rate by this technique s about

30,000 droplets/second.  The droplets generated are about 10-30pm in diameter (about 1
picoliter per drop). While the sample is not diluted, dPCR suffers from a smaller dynamic
range {4-5 orders of magnitude) compared to that of gPCR. With the current flow-focusing

% droplets,

microfluidic technology, it would require about 107 s or several days to generate 10
i.e., the ideal droplet number, to remove the effect of high-concentration inhibitors and to
suppress interference. This problers can be improved with dilution, but it woay reduce the copy
sumber to below the detection limit, and throughput alse becomes an issue with larger sample

volurme,  Furthermore, there are several additional steps that must be performed between
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droplet generation and PCR amplification, which further increases sampling time and lowers
the statistical accuracy for the gquantification because of analvte loss during repeated handling.

Therefore, it 1s essential for a system with higher droplet production rate, smaller
droplet size, and nunimalized sample handling steps, to be developed. Here, this disclosure
provides a novel droplet generation system using alternating current (AC) electrospray. The
throughput of the disclosed AC spray platform (107 per s} is 100 times higher than the current

flow-focusing technology. It can offer the desirable p=10™

droplet number, provide 100 times
larger dynamic range and reduce inhubitor cross~taliang even for high mM concentration
inhibitors like Ca™ in a reasonable assay time of less than one hour, without or with minimum
prefreatment.  In this disclosure, an imwaging technology suitable to guantify the number of
fluorescent droplets for the described high throughput platform is significantly less costly than
the single-droplet optical detection technology used for current digital PCR technologies. The
disclosed AC spray and umaging system are connected by a continuous-flow loop PCR unit to

allow ligh-throughput continuous operation that can assay multiple saroples sequentially.

Alternating Current (AC) Electrospray Platform

Due to their limitations, neither current qPCR or dPCR technologies are ideal for
accurate quantification of miRNA. Therefore, this disclosure provides the advantages of both
systems while minimizing their shortcomings. Both DC and AC spray ionization methods are
extensively used in mass spectrometry as a means of generating small, monodispersed droplets
in air. AC electrospray is chosen for the purposes of this disclosure because it generates
droplets with a desirable size (for example, 1-10 pum) that are weakly charged, making them
more ideal for handling biological samples. In addition, it has been shown experimentally that
a DC spray is very unstable when an aqueous phase is sprayed into oil, most likely due to an
electric discharge into the oil phase. This instability is surmounted by employing an AC spray
with a sufficiently high frequency so that the AC spray cone does not accumulate too much
charge for a discharge to occur in the oil. By carefully controlling the parameters (frequency
and voltage) of the electric field, stable droplets ranging from 1-Sum can be generated at a
much higher throughput (1 million droplets per second) than the existing digital PCR
technology (limited to 30,000 drops per second), such that the ideal droplet number of p=10'°
can be reached in 10° seconds or less than 1 hour. Furthermore, since the droplets generated
by AC spray is much smaller (1-5um droplet size) than ones generated by traditional dPCR
configured with Y-junction micro-channels (10-50pum droplet size), a much larger number of

droplets (p=10'%) can be generated from the same volume (10 microliter) of sample. This
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advance effectively increases the dynamic range by 2 to 3 orders of magnitude and reduces or
eliminates the need for dilution. Lastly, to minimize sample handling time between droplet
generation, amplification, and detection, a continuous flow and imaging system integrating the

three processes have been designed and shown in Figure 1.

The following Examples are intended to illustrate the above invention and should not
be construed as to narrow its scope. One skilled in the art will readily recognize that the
Examples suggest many other ways in which the invention could be practiced. It should be
understood that numerous variations and modifications may be made while remaining within

the scope of the invention.

EXAMPLES
General Methods

The disclosed invention can generate 100 to 10° droplets per second. Droplet size can
be tuned by adjusting the frequency (1 kHz to 1 MHz), the voltage (10 to 1000 V) and the water
flow rate (10 microliter/min to 0.1 milliliter/min). The smaller the droplet the larger the
generation rate. The graph in Figure 6 shows how droplet size varies with voltage (Figure 7
and Figure 8). A sufficient number of droplets are generated for a given sample so that the

droplets encapsulate either one or zero templates (e.g., a binary distribution of droplets).

Example 1. Generation of stable droplets using AC electrospray

An objective of this study is to identify the working regime of the AC spray at which
droplets of desirable distribution can be obtained. It was determined experimentally that a
frequency between 50 kHz and 150 kHz and a potential between 1.5kV and 3.5kV can be used
to generate a stable AC cone inside oil (Figure 2). Due to frequent and rapid change in
temperature during PCR, droplets are often destabilized and coalescence into a bulk aqueous
phase. Therefore, surfactants are needed to stabilize the droplets as well as to minimize surface
tension so smaller droplets can be created. PCR buffer solution containing 8.5% Span 80 and
1.5% Brij- 4 is used and droplets do not show coalescence after 30 cycles of PCR
thermocycling (95°C for 30 seconds, 59°C for 45 seconds, 72°C for 30 seconds), as shown in
Figure 3. While performing the experiment within the working regime of the experiment, it
was observed that the size of the droplets did not appear to vary much with different frequency
and potential, indicating that surfactant concentration might also be useful in controlling
droplet size. The effect of surfactant and spray conditions on the droplet size will be further

optimized.
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Example 2. Affirmation of the viability of PCR reagents inside droplets

To affirm that the biological substances inside droplets that were generated from the
electrospray retained their biological viability, the water-in-oil emulsions were subjected to
PCR inside a serpentine PCR chip that was designed to immediately follow the droplet
generation unit. A positive control using only aqueous PCR sample was also performed. The
PCR chip was made from polycarbonate (Imm x 3cm x 150pm) and mounted across Peltier
heaters, one set at 95°C and one set at 59°C. The dimensions of the chip are tuned based on
the flow rate of the spray and oil, and each PCR cycle is designed to be between 30-40 seconds
after accounting for the fact that TAQ polymerase works optimally between 70°C and 80°C
and can amplify up to 100 bases per second at optimal temperature. It has been established
that performing PCR at 2 to 3 static temperatures for extended periods of time is not necessary
for low volume samples that can reach temperature equilibrium quickly and can be done with
a temperature gradient as well. The amplicon of the PCR reaction is about 200 base pairs. A
natural temperature gradient is created across the PCR chip (Figure 9). Both aqueous positive
control and emulsion samples are successfully amplified (Figure 10) specifically by the
continuous PCR chip. While no bands were observed in negative controls, two different bands
were formed in positive sample targets, indicating that amplification is not completely specific
and further tuning should eliminate the non-specific band. It is speculated that the shorter of
the two bands is the result of primer dimer formation, which can be reduced by either increasing

annealing temperature or reducing annealing time.

Example 3. Development of a fluorescent detection unit and an analysis program

A component of the AC electrospray is the detection chip that is downstream of the
PCR chip. The chip is placed under microscope using 20x magnification, and a CCD camera
is used to capture the images of the droplets as they come in and exit the viewing window of
the microscope. To match the upstream flow rate of the spray and PCR systems, the droplets
will only have about 100 milliseconds of exposure time for fluorescence to be excited and
detected. Therefore, a study was performed on 100 uM of fluorescence in PCR solution,
mimicking the fluorescence intensity of PCR after 27 cycles. The solution was sprayed, which
then flowed through the PCR chip, and subsequently collected in a 96-well plate for further
studying. A very faint fluorescence can be detected, due to the short exposure time, which was
enhanced by image processing to identify the droplets (Figure 11). Thus, fluorescent droplets

were successfully detected inside the 96-well plates.
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A glass chip was fabricated using hydrofluoric acid (HF) etching. The channel
dimensions were Imm x 3cm x SO0um. Fluorescent droplets that were previous not visible
before image processing could now be observed more ideally without image processing
(Figure 12). A thinner liquid layer due to the shallow depth of the channel results in less light
dispersion. A software was developed having improvements that made it possible to
automatically identify the droplets and perform a count of droplets (Figure 13). Additional

software can be added to the software to increase image processing speed by automation.

Example 4. Testing integrated continuous flow unit and droplet counting

Above experiments individually demonstrated successful droplet generation, PCR
amplification, and detection of fluorescent droplets in batch mode. The entire system from
sample preparation to detection of fluorescent signals was then shown to be viable. Two flow
streams were used in this experiment: the flow for a PCR solution was set at 2.5 pul/min and the
flow of oil flow was set at 2.5 pl/min. The aqueous PCR solution was sprayed into the bulk
oil and the oil-droplet mix flowed into the loop PCR chip for amplification. Regarding the
detection chip, the lateral speed of the oil-droplet mixture was 1cm/sec. Individual frames of
snapshots were taken at a rate of 10 fps as the droplets enter and exit the viewing window of
the microscope. Different concentrations of DNA templates were added to the PCR spray
mixture. Images showing different numbers of fluorescent droplets are shown in Figure 14.
About 70% of theoretical had been detected for 100, 1000, and 10000 DNA copies inside the
solution. This obtained percentage of theoretical could be due to factors from both
amplification and detection steps. For amplification, due to the large number of droplets
generated, it is possible that materials such as primer and polymerase which are used at lower
concentration are not present in every single droplet. Hence, increasing the concentration of
these materials may improve detection accuracy. As for detection chip, the channel was
designed so that the droplets are mostly present in a monolayer, however, several fluorescent
droplets identified tended to be out of focal plane which affected the number of droplets

detected. This can be corrected.

Example 5. Comparison of conventional PCR and AC dPCR with inhibitors

The presence of inhibitors inside body fluids contributes to decrease in PCR efficiency
and accuracy and consequently make sample pretreatment a necessary step. Calcium ion (Ca*")
is one of the most abundant ions in human blood with concentration of about ImM. It has been

documented that the presence of Ca’* at high concentration inhibits the PCR reaction. A
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comparison between conventional PCR followed by gel electrophoresis analysis and AC spray
digital PCR was performed. For the comparison, a final concentration of up to 1mM CacCl,
was introduced into the PCR mix and conventional PCR was performed. As shown in Figure
15A and Figure 15B, the band intensity for an amplicon drops to about 75% of positive control
with 100 uM of CaCl, and 25% with 1 mM CaCl,. For the AC spray digital PCR platform,
PCR efficiency drops only to about 50% of positive control at ImM CaCl, concentration. At
100 uM PCR amplification result is similar to that of positive control. These results obtained
for the disclosed digital PCR system demonstrate that it is possible to offset inhibition more

effectively than conventional PCR, but requires further optimization.

Example 6. Testing real biological samples

Experiments were conducted in samples with defined conditions, and purified DNA
used for PCR. Therefore, this disclosure can be used for the testing of human urine due to its
relative simplicity in content and its low protein concentration. More complicated biological
samples such as blood serum can be used with further refinements to determine which

purification steps used in conventional PCR techniques can be omitted to increase throughput.

Example 7. One step reverse transcription in droplets

Amplification and quantification of miRNA requires conversion of miRNA to cDNA
using reverse transcription. Thus, a method to spray the reagents and enzymes needed for both
reverse transpiration and PCR at the same time could be possible by the techniques described
in this disclosure. Since smaller and more numerous droplets may be required for optimization

the present disclosure can provide for adjustment of those parameters.

Example 8. Amplification and detection of multiple targets

The present disclosure allows for two methods useful for the detection of multiple
targets. The first method uses molecular beacons with attached reporters that have different
fluorescent colors. The advantage of this method is that all reagents can be added into the same
sample with no further sample partitioning required. Due short sequences in miRNA,
nonspecific amplification may be accomplished more easily than, for example, the longer
sequences in RNA.

Alternatively, the samples can be partitioned into different portions, depending on the
number of miRNA of interest. For each partition, only 1 specific set of primers are added.

Each partition can enter the spraying chamber at a different time, which can then be recorded
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by the detection unit. The advantage of this method is that nonspecific interactions from
multiple sets of primers will be minimized. Since the fluorescent reporter can be identical for
all partitions (intercalating dye that binds to double stranded DNA), the cost can be minimized.
The concentration of the miRNA can be optimized so sensitivity is not affected by overly scarce

miRNA.

Example 9. Sample testing against cell media, spiked samples and clinical samples.
This disclosure can also be useful for spiked blood and urine samples, assays for cancer

cell media, and clinical samples.

Conclusions
MicroRNA quantification and profiling shows very good promise for the diagnosis of

early stage cancer due to its early release and stability inside human body fluids, making it the
ideal target for liquid biopsy. However, a large dynamic range and a low limit of detection
must be achieved by digital PCR for quantification to be accurate. A high throughput is
necessary for the assay to be performed in a reasonable amount of time of 30 minutes to 1 hour
per sample, including any necessary pretreatment. The droplet size must also reach the ideal
number of p=10'? to fully suppress inhibition and cross-talk. The current flow focusing and T-
junction technologies cannot produce this large number of droplets, they often encapsulate
more than one template and use Poisson statistics to estimate the original template number.
The disclosed AC electrospray digital PCR platform does not use hydrodynamic forces
to pinch off the droplets, and can generate drops ranging from 1-5um in size, which is 10-1000
times smaller than the current technology. It can also generate droplets at a rate of 1 million
droplets per second, which is more than 30 times faster than that of currently available
commercial products. Thus, reaching the ideal number of 10 droplets in less than 1/300 of
the time can reduce or eliminate the necessity of sample dilution or pretreatment. The smaller
droplets also increase the dynamic range by 3 orders of magnitude. This disclosure
demonstrates that PCR viable droplets can be generated by AC electrospray. Furthermore,
fluorescent droplets prepared by the disclosed techniques can be identified and counted. While
only about 70% of theoretical yield is achieved, optimization of the PCR solution, spray
parameters, PCR conditions, and the detection chip can be made to allow for more accurate

quantification.
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While specific embodiments have been described above with reference to the disclosed
embodiments and examples, such embodiments are only illustrative and do not limit the scope
of the invention. Changes and modifications can be made in accordance with ordinary skill in
the art without departing from the invention in its broader aspects as defined in the following
claims.

All publications, patents, and patent documents are incorporated by reference herein,
as though individually incorporated by reference. No limitations inconsistent with this
disclosure are to be understood therefrom. The invention has been described with reference to
various specific and preferred embodiments and techniques. However, it should be understood
that many variations and modifications may be made while remaining within the spirit and

scope of the invention.
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What is claimed is:

1. An alternating current droplet generator comprising:

a) an electrospray emitter having a conical end and an orifice at the conical end, and a
conduit to the orifice for a pressurized fluid, wherein the emitter can generate liquid droplets
from the pressurized fluid at the orifice by an alternating current;

b) an alternating current electrode and an optional counter electrode that are
configured to provide the alternating current; and

¢) a droplet chamber having one or more inlets for the electrospray emitter and a
droplet suspending medium, wherein the conical end of the emitter is at least partially
inserted into the chamber, and when the droplet suspending medium flows into the chamber
the conical end is immersed in the medium;

wherein more than 100 monodispersed liquid droplets per second can be produced
from the pressurized fluid by the alternating current droplet generator in the droplet

suspending medium to form an emulsion.

2. The apparatus of claim 1 wherein the electrospray emitter comprises the alternating
current electrode, and the droplet chamber comprises a counter electrode and a droplet

suspending medium.

3. A droplet digital polymerase chain reaction (PCR) apparatus comprising:
a) the alternating current droplet generator of claim 1;
b) a capillary for a pressurized fluid sample comprising template molecules to
flow from the capillary to the conduit of the electrospray emitter;
c¢) a PCR thermal cycler, having an optional Peltier heater, configured to
receive an emulsion of a fluid sample from the droplet chamber; and
d) a detector;
wherein a sufficient number of liquid droplets are generated from a pressurized fluid
sample to achieve a binary distribution of template molecules among the droplets, when an
alternating current is applied to the pressurized fluid sample comprising template molecules
at the electrospray emitter, and the distribution of zero or one template molecule per droplet

is independent of the template number in the fluid sample.
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4. The apparatus of claim 3 wherein the electrospray emitter comprises glass with an
internal alternating current electrode, or the electrospray emitter comprises a conductive

metal in contact with an alternating current electrode.

5. The apparatus of claim 3 wherein an emulsion can flow through the PCR thermal
cycler, wherein the PCR thermal cycler comprises a) a serpentine channel, or b) a chip

chamber for batch PCR.

6. The apparatus of claim 3 wherein the detector comprises a fluorescence detector, a
radioactive detector, a two-dimensional detector, a three-dimensional detector, or a

combination thereof.

7. The apparatus of claim 3 wherein the apparatus has a dynamic range of at least 4
orders of magnitude and a sensitivity to detect a polynucleotide of less than about 500 nucleic
acid bases (NABs), less than about 100 NABs, less than about 50 NABs, or less than about
25 NAB:s.

8. The apparatus of claim 3 wherein the apparatus has a sensitivity to detect micro
ribonucleic acid (miRNA), ribonucleic acid (RNA), deoxyribonucleic acid (DNA), or a

combination thereof.

9. A method for producing liquid droplets comprising:

a) applying an alternating current electric field to an electrospray emitter;

b) introducing a fluid into the emitter; and

¢) generating an electrospray by the emitter from the fluid at a rate of more than 100
liquid droplets per second in a droplet suspending medium to form a stable emulsion;

wherein the electrospray produces monodispersed liquid droplets having a diameter
ranging from about 0.1 micrometers to about 1000 micrometers in the droplet suspending

medium.

10.  The method of claim 9 wherein the frequency of the alternating current ranges from

about 1 kilohertz to about 1000 kilohertz.
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11.  The method of claim 10 wherein the potential of the alternating current ranges from

about 0.01 kilovolts to about 100 kilovolts.

12. The method of claim 9 wherein the fluid comprises a template molecule, one or more

PCR reagents, and water.

13. The method of claim 12 wherein a) the fluid further comprises a surfactant, b) the carrier
oil further comprises a surfactant, or ¢) both the fluid and the carrier oil further comprise a

surfactant.

14.  The method of claim 12 wherein the fluid is flowing at rate of about 10 microliters per

minute to about 100 microliters per minute.

15. The method of claim 9 wherein the droplet suspending medium comprises a flowing
carrier oil.
16. The method of claim 15 wherein the carrier oil is a mineral oil, a fluorinated oil, a

silicone oil, or a combination thereof.

17. The method of claim 15 wherein the droplets to not substantially coalesce in the
carrier oil.

18. The method of claim 9 wherein the fluid comprises one or more biological substances.
19. The method of claim 9 wherein the droplet suspending medium substantially

comprises flowing water.

20. A method for performing droplet digital polymerase chain reaction (PCR) comprising:
a) applying an alternating current electric field to an electrospray emitter;
b) introducing a fluid into the emitter, wherein the fluid comprises one or more
template molecules and PCR reagents;
¢) generating an electrospray by the emitter from the fluid at a rate of more than 100

liquid droplets per second in a droplet suspending medium to form a stable emulsion;
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d) amplifying an amplicon of one or more template molecules in a PCR thermal
cycler; and

e) detecting the amplicons;

wherein the electrospray produces monodispersed liquid droplets having a diameter
ranging from about 0.1 micrometers to about 1000 micrometers in the droplet suspending

medium.

21. The method of claim 20 wherein the amplicon detected is a polynucleotide of less
than about 1000 nucleic acid bases (NABs), less than about 750 NABs, less than about 500
NABEs, less than about 250 NABs, less than about 100 NABs, less than about 50 NABs, or
less than about 25 NABs.

22. The method of claim 21 wherein the polynucleotide comprises a micro-ribonucleic
acid (miRNA), ribonucleic acid (RNA), deoxyribonucleic acid (DNA), or a combination
thereof.

23. The method of claim 21 wherein the polynucleotide comprises a biomarker for a

disease, such as cancer.

24.  The method of claim 23 wherein the biomarker comprises a biomarker found in a
bodily fluid.
25. The method of claim 20 wherein the fluid further comprises a) a fluorescent reporter

for PCR amplicons, b) a fluorescent reporter for multiplex target quantification, c¢) an optical

barcode reporter for multiplex target quantification, or d) a radioactive reporter.
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**continuation of Box It (Lack of Unity)**
Special Technical Features:

Group | requires an alternating current droplet generator comprising the electrospray emitter having a conical end and an orifice at the
conical end, and a conduit to the orifice for a pressurized fluid, wherein the emitter can generate liquid droplets from the pressurized fluid
at the orifice; an alternating current electrode and an optional counter electrode that are configured to provide the alternating current; a
droplet chamber having one or more inlets for the electrospray emitter, wherein the conical end of the emitter is at least partially inserted
into the chamber, and when the droplet suspending medium flows into the chamber the conical end is immersed in the medium, not
required by group Il

Group I requires a method for producing liquid droplets comprising applying an alternating current electric field to an electrospray
emitter; introducing a fluid into the emitter; the emulsion being stable; wherein the electrospray produces liquid droplets having a
diameter ranging from about 0.1 micrometers to about 1000 micrometers in the droplet suspending medium, not required by group |.

Common Technical Features:

Group | and |l share the technical feature of producing liquid droplets; alternating current; an electrospray emitter; fiuid;
generate/produce electrospray; more than 100 monodispersed liquid droplets per second can be produced in a droplet suspending
medium to form a emulsion. However, these shared technical features do not represent a contribution over prior art, because the shared
technical feature is being obvious over US 2015/0157569 A1 to Shum (hereinafter Shum), in view of US 2012/0199732 A1 to Chetwani
et al. (hereinafter Chetwani), in further view of US 2008/0114090 A1 to Gu et al. (hereinafter Gu). Shum teaches producing liquid
droplets (para [0014]; figure 1; formation of aqueous droplets in the all-aqueous electrospray approach); an etectrospray emitter (para
[0053], [0014]; In electrospray, a liquid is passing through a nozzle. Figure 1a shows the electrospray emitter); fluid (para [0014];
formation of aqueous droplets in the all-aqueous electrospray approach); generate/produce electrospray (para [0053]; Electrospray is a
method of generating a very fine liquid aerosol through electrostatic charging. in electrospray, a liquid is passing through a nozzle. The
plume of droplets is generated by electrically charging the liquid to a very high voltage.); monodisparsed liquid droplets can be produced
in a droplet suspending medium to form a emulsion (para [0052), [0054], [0021]-[0023]; The emulsion is prepared using an electrospray
technique. Electrospray is used to contact a first aqueous solution containing a first solute and a second agqueous solution containing a
second solute, wherein the solutes are incompatible. One of the solutions becomes the dispersed phase in the emulsion while the other
becomes the continuous phase. The dispersed and continuous phases contain oppositely charged molecules and colloids, such as
surfactants, macromolecules, nanoparticles, or nanofibers, such as surfactants or other macromolecules, which stabitize the drops of the
dispersed phase. As far as the incompatible solutes, aqueous two-phase systems are formed by dissolving two incompatible solutes in
water above the critical concentrations for phase separation. These incompatible solutes can redistribute in water and form immiscible
aqueous phases, if the reduction in enthalpy is sufficient to overcome the energy cost associated with the increased entropy. Finally, in
the dripping regime, the charged jet immediately breaks up at the end of the spraying nozzle, yielding monodisperse droplets with a
polydispersity of less than 5%, 4%, 3%, 2%, or 1%.). However, Shum does not teach alternating current; and that more than 100 liquid
droplets per second can be produced. Chetwani, on the other hand, teaches alternating current (para [0003)}; alternating current (AC)
electrospray devices). Gu further teaches more than 100 liquid droplets per second can be produced (para [0029]; around 10 billion 89
nm nanodroplets are generated per second). Therefore, it would have been obvious to one ordinary skilled in the art to utilize alternating
current, as taught by Chetwani; with producing a high rate of droplets, as taught by Gu; with the method for producing liquid droplets that
Shum teaches; because the electroneutral drops of the present disclosure do not have to be neutralized before administration to the
patient. One other distinct advantage of the electroneutral drops obtained using an AC electrospray is that the low power requirement
reduces power consumption, increases safety, and presents potential for the device to be miniaturized to dimensions commensurate
with portability (Chetwani; para [0067])). Further, because the plume contains a large number of ionic liquid nano-droplets, forming a high
surface area structure. The high surface area of the spray plume increases the interaction probability between gases and the ionic liquid,
ensuring high capture efficiency (Gu; para [00186}). Further, because for a 17.5 microliter/min electrospray, around 10 billion 89 nm
nanodroplets are generated per second. Assuming gas/droplet relative velocity of 2 cm/s, the nanodroplets sweeping volume is 300?
greater than the gas volume they sample (gas volumetric flow is around 15 mifs in one embodiment). Such a large sweeping volume
ensures complete sampling of entire gas volume by the droplets. The sweeping effect exits for all spray-based air scrubbing technology
regardless if the droplets are charged or not (Gu; para {0029)).

As the shared technical features were known in the art at the time of the invention, they cannot be considered common technical
features that would otherwise unify the groups. Therefore, Groups I-ll lack unity under PCT Rule 13.
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