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(57) Abstract: Designs of a digital microfluidic devices are described comprising droplet control electrodes and heating electrodes that
have etfects in the regions for droplet manipulations. Specifically, the digital microfluidic device comprises a first substrate having liquid
control electrodes for droplet control and a second substrate having heating electrodes for temperature control. Shielding electrodes are
disposed on the second substrate to ensure that the heating electrodes can control the digital microfluidic device to a desired temperature
profile without interfering the droplet operations such as transport, merging/mixing, splitting, particle distribution, etc.
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High Resolution Temperature Profile Creation in g Digital Microfluidic Device

CROSS REFERENCE TO RELATED APPLICATIONS

[001] This application claims the benefit of U.S. provisional patent application number
62/356,418, filed June 28, 2016, the entire disciosurs of which is incorporated herein by

reference.

FIELD

(00623 The invention relates generally to microfluidic devices, for example, in the field of

molecular biology.

BACKGROUND

(003} Droplet microfiuidics is a relative new but rapidly advancing field. i provides methods
to manipulate liquid droplets and/or the particles in the droplets by employing mechanisms such
as electrowetling [WO2008147568, Elscirowetting Based Digital Microfluidics], elsctrophoresis
[W(02014036%14, Method and Device for Controliing, Based on Electrophoresis, Charged
Particies in  Liguid], and dielectrophoresis [W02014036815, Dielectrophoresis Based
Apparatuses and Methods for the Manipulation of Particles in Liquids], elc. It provides droplet
operation capabilities such as droplet dispensing and transport, merging and mixing of multiple
droplets, splitting one droplet to two (or more) daughter droplets, incubation, waste disposal,
particlss {such as DNA/RNA/protein maolecules, calls, beads, 8.}
redistribution/enrichment/separation, elc. Droplet microfluidics provides the capability to handle
all the basic steps of liquid analysis, including sampling, sample preparation, reaction, detection,
and waste handling, efc. It can practically handle droplets with volume ranging from a few pico-
liters to tens of microliters — a span of more than 6 orders of magnitude. It finds applications in
medical diagnostics, cancer screening, drug discovery, food safely inspection, snvironmsntal
monitoring, forensic analyses, and many others. Besides miniaturization and integration, if offers
other advantages such as low cost, automation, parallelism, high throughput, low energy

consumption, eic.

(004} A typical digital microfiuidic (DMF) device consists of two solid substrates separated
by a spacer to form a gap in-betwsen. Liguids are operaied in the gap in a discrste fashion, ie.,
in the format of droplets. Different from channel based microfluidics, in digital microfiuidics, the
liguid/droplet path can be changed during run-time by the control software, and the droplets can

be operated individually. Digital microfluidics truly fulfill the promise of the lab-on-a-chip concept,
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which is to handls all the basic steps of an analysis, including sampling, sample preparation,
raaction, detection, and wasts handling, etc. Digital microfluidics shares graat similarities with
bench based liquid handling. Established bench based protocols can be easily adapted to the

digital microfluidics format.

[005] Chemical and biochemical reactions often need a well-regulated temperature profile
to parform sfficiently. For example, in DNA amplification methods like Polymerase Chain
Reaction (PCR), Ligase Chain Reaction (LCR), transcription-based amplification, and restriction
amplifications, eic., the reactions require cycling between higher denaluring temperatures and
fower polymerization temperatures. Other nucleic acid amplification methods require the
reaction io take place at a specified constant temperature, such as Sel-Sustained Ssguence
raplication (38R}, Rolling-Circuit Amplification (RCA), Strand Displacement Amplification (8DA),
and Loop Mediated Amplification (LAMP), Helicase-Dependent Amplification (HAD), elc. The
detection of the fluorescence intensily changes when a DNA molecule going through a well-
defined temperature profile can provide grsat insight such as the presence and identity of single

nuclectide polymorphisms (SNP) - a process called melting curve analysis.

(606} Well-regulated temperature control is also important in the processing of RNA and
protein molecules, for example, real time RT-PCR (Reverse Transcription-Polymerase Chain
Reaction and isothermal RNA Signal Generation (IRSG) for RNA detection and real time
immuno-PCR and AR {Isothermal Aniibody Recognition) for protein detections. Cell lysis is

generally temperature dapendent ivo.

[007] Due to its great sensitivity, PCR is one of the most commonly used nucleic acid
amplification and quantification methods in clinical diagnostics, forensic science, and
environmental science, eic. While the reaction at molecular level is typical very fast, the speed
of PCR is often lmited by the tims # takes {o cycle through different needed femperatures.
Fast/ultrafast PCRs are ofien highly desirable, especially in the situation of infectious disease
diagnostics, bic-warfare and pathogen identification, forensic analyses, etc. It is even more
desirable to achieve fast/ulirafast PCRs with low power consumption, compact size and simple

operation.

joga] Microfluidic thermal management has long been a major issue. Many technigues
have been explored {0 regulated the temperature within microfluidic systems. They range from
the use of Peltier [Maltezos, G. et al, Microfluidic polymerase chain reaction, Appl. Phys. Letl.
2008, 93, 243801:1-243901.3], Joule heatling [Mavraki, E. et al, A continuous flow uPCR device

with integrated micro-heaters on a flexible polyimide substrate. Procedia Eng. 2011, 25, 1245~
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1248}, endothermal chemical reactions [Guijt, R.M. et al, Chamical and physical processss for
integrated tempsrature control in microfluidic devices. Lab Chip 2003, 3, 1-4], microwaves
[Shaw, K. J. et al, Rapid PCR amplification using a microfluidic device with integrated
microwave heating and air impingement cooling. Lab Chip 2010, 10, 1725-1728], and Lasers
[Kim, H. et ai, Laser-heated reactions in nanoliter droplet arrays. Lab Chip 2008, 9, 1230-1235],

etc. Now, peopls are still looking for reliable, sasy-io-use, and economical ways to regulale

temperature in a microfluidic system.

[009] Patent W(02008003184 [Digital Microfluidics Based Apparatus for Heat-Exchanging
Chemical Processes] presented a device design and method to use exiernal temperature
control modules o create different temperature zones on the device. Haat-exchanging chemical
processes such as PCR can be performed by fransporting the reaction dropleis back and forth

between different temperature zones.

[0010] However, the above mentioned use of external temperature confrol modules on a
microfiuidic device has its limitations. When contact temperature conirol modules are used, the
bottom and cover subsirates of the microfluidic device act as diffusers, which limits the
temperature resolution at the device gap where reactions take place. When using non-contact
heating methods such as photonic-based heating [Ultrafast photonic PCR, JH Son, et al,, Light
Science & Applications (2015) 4] or microwave heating [KJ Shaw, et al, Rapid PCR
amplification using a microfluidic device with integrated microwave heating and air impingement
cooling. Lab Chip 10:1725], complex and expensive focusing mechanisms would be nseded to

achieve high spatial temperature resolution.

(00111 In one embodiment, provided are simple and cost effective approaches to implement
high spatial resolution temperature conirol in a droplet microfiuidic device. By disposing the
heating electrodss on the cover plate surface facing the device gap in which droplets are
manipulated, many different temperature zones can be crealed in the device gap to provide
ideal reaciion environmenis for different chemical/bicchemical reactions. A shielding elecirode,
which is typically grounded electrically, is disposed 1o cover (af least partially) the heating
electrodes. This shielding slectrode prevents the droplets from being affected by the possible
slectric and/or magnetic field(s) generated by the heating electrodes. External temperature
conirol modules, such as Pelliers or water/air cooling blocks, can be used together with the
heating electrodes increase the temperature conirol range, for example, to below the room

temperature.



WO 2018/005843 PCT/US2017/040068

(00121 The temperaturs of a controlled region in the gap of a droplet microfluidic device can
range from -20°C (minus 4°C) o 200 °C, and preferably from 0 °C to 120 °C, and more
preferably from 20 °C {o 98 °C.

[0013] In one aspect, the heating electrodes can be integrated with feedback control. For
example, a typical implementation of a heating electrods is to deposit a layer of conductive
material ai specific thickness, width and length, so that it has a specific resistance. Whan an
electric current is going through the heating electrode, the heat is generated — Joule heating.
The heating electrode is can be called a resistive heater. In general, the resistance value of a
resistive heater is temperature dependent. By measuring the resistance change, the
temperature change {(compared to a starting point) can be caiculated. This means the resistive
healer can alsc be used as tamperature sensor. Other temperature sensors such as, but not
limiting to, thermal couple, thermistor and separated resistance femperature detector (RTD) can
be used io continuously monifor the temperature profile of the device. These sensors can be
placed in the device gap, or on the iop or bottom plate(s) of the device temporarily for
temperature calibration or permanently to enable closed-loop temperature control during run-

fime.

(00141 Meilting curve analysis is an assessment of the dissociation-characteristics of double-
stranded DNA during heating. The information gathered can be used o infer the presence of
and identity of single nucleotide polymorphisms. The present invention provides methods for
implementiing temperature swasps needed for melting curve analyses. In one aspect, the
invention provides mesthods {o implement temperature changes through spatial variation. Thus,
two or more regions of the device can be set o different temperatures {proper for melting curve
analysis), at thermal squilibrium, a path (or mullipls paths) of conlinucus temperature change
from the temperature at the highest temperature region to the temperaturs at the lowest
tempsrature region can be designsd on the device. A droplst of PCR product can be moved
along this path (or paths), and the fluorescence measured as the PCR product moves along the
path. The change in fluorescence can be used to obtain the melting curve for the DNA strand.
in another aspect of the invention, the droplet of PCR product can be made to remain stationary
at ong location and the tempsrature(s) at the location can be changed. The flucrescence data

can be collected at said location to obtain the melting curve for the DNA strand.

[0015] DNA sequencing is the process of determining the precise order of the four chemical
building blocks, called “bases,” that make up the DNA molecule. Sequence data, among many

things, can highlight changes in a gene that may cause disease. Although DNA sequencing
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technology and platforms bsing rapidly developed, the sample processing, also called lbrary

praparation, lacks behind. This is an area that droplet microfluidics can offer help.

[0016] Library preparation typically has a few major steps — genomic DNA fragmentation,
end repair, adding ‘A’ bases ifo the 3" end of the DNA fragmentis, adapier ligation fo DNA
fragments, ligation products purification, PCR amplification of the adapter-modified DNA
fragments, etc. Different sieps often require differeni temperaturs profile. This invention
provides a convenient approach fo create the needed temperature profile on the droplet

microfiuidic device to enable fast library preparation.

SUMMARY

(08171  Described are apparatus and methods for independent temperature control in a
droplet microfiuidic device without affecting the droplet operations such as droplet dispensing
and transpori, merging and mixing of multiple droplets, splitting one droplet to two {or more)
daughter droplets, incubation, waste disposal, particies (such as DNA/RNA/protein molecules,

cells, beads, efc) redistribution/enrichment/separation, eic.

(00181 The present apparatus and methods enable fast and sensitive DNA analyses at
microfiuidic level. Especially, it allows the integration of different analysis methods such as
isothermal amplification and gPCR, PCR and melting curve. in some embodiments, the herein
described devices can make it possible to create high resolution temperaiure profiles in the
microfiuidic devices. This makes DNA analyses fasi, simple, possess high throughput, cost

effactive, and highly sensitive.

[00191 A PCR requires the repetition of heating and cooling cycles, in order to repeat the
denaturation, annesaling and extsnsion processes, in the presence of an original DNA target
molecule, specific DNA primers, deoxynucleotide triphophates, and thermal-stable DNA
polymerase enzymes and cofactors. Each temperature cycle doubles the amount of target DNA
sequence, leading to an exponential accumuiation of the target sequence. In a typical current
commercial PCR instrument, the reaction mixture resides in a container such as a PCR tube or
a microtiter plate. The PCR reaction mixture, s container, and the femperature conirol block
are cycled through different temperature set points. The combined mass of the sample, the
container, and the temperature control block, limits the speed of the PCR reactions. Some of the
fast PCR reagents can finish one PCR cycle in a few seconds, while most of the commercial

PCR systems take minutes.
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(00201 Patent W0O2008003184 presenis a method to control different regions of a DMF
device o diffsrent iemperature set points. By transporting a droplet back and forth among the
different femperature regions, a femperature dependent reaction can be sped up as only the
small droplet needs {0 be temperature cycled. However, the method in Patent W020098003184
is often limited by the number of PCR reactions that it can run simullanecusly due to the limited
number of temperature zones that can be crealed at any given time. The reason is that ths
heat-transfer in the materials used fo make microfluidic devices such as glass, silicon, quariz,
and plastic, is generally not directional. The heat spreads fransversely as il travels from one
side of a substrate {o the other. The spatial resolution of the temperature profile created in the
middie {or gap) of the DMF device cannot keep up with the spatial resciution of the temperaiure
profile on the outsr surfaces. For example, with the method presented in Paient
WO2000003184, it is very challenging to create allernating 95 °C and 60 °C temperature zones
1 mm apart from each other in the middle of the device when using 1mm thick glass or plastic

subsirates.

(00211 Digital PCR is a new approach to nucleic acid detection and quantification. It is a
method of absolute guantification and rare allele dstection relalive to conventional gPCR, as it
directly counts the number of target molecules rather than relying on reference standards or
endogenous controls. A DMF device can be designed o work with droplets of 1 nL (nanoliter) or
smaller, and thousands of droplets can bs generated/dispenssd and placed in the device. So,
digital PCR can be performed on such devices, with a quick sample-to-result turnaround fime

ioo.

BRIEF DESCRIPTION OF THE DRAWINGS

(00221 Figures 1A — 1C present a cross-sectional view, of a single-layer-slectrode-control of

a droplet microfluidic device with heating electrodes on the cover plate, along with the top views
of the droplet control elecirodes and the heating elecirodes.

(00231 Figures 2A - 2D present two cross-sectional views, 80 degrees relafive to each other,
of a dual-layer-electrode-control of a droplet microfluidic device with hsating electrodes on the
cover plate, along with the top views of the droplet control elscirodes and the heating slectrodes.
[00247 Figures 3A and 3B present some of the possible designs of heating electrodes and
their cannections.

[0028] Figure 4 shows a droplet microfluidic device similar to the in Figure 1A, but with two

external temperature modules.
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(00261 Figure S5A presents a schematic design of healing slectrodes so that many
tempsarature zones are created, with the temperature profile in each temperature zone beaing
suited for a particular reaction. Figure 5B is the gPCR data collected from a DMF device with
the heating slectrodes {the integrated heaters).

(00271  Figure 6 presenis another schematic design of the heating electrodes, which allows
isothermal amplification and PCR amplification of DNA molecules being carried cut on said
device at the same time.

(00281 Figure 7 presents yet another application of a droplet microfluidic device with haating
slectrodes, in which flow-through PCR amplification DNA is performed following by meliing
curve analyses.

[00297 Figure 8 presents vet another application of a droplet microfluidic device with heating
slectrodes, in which cell lysis, DNA exiraction, amplification and analysis are all performed on

the same devics.

DETAILED DESCRIPTION

00307 The following are the definitions and/or explanations of some of the terminologies

used in this patent application.

(00311 For purposes of the present disclosure, the term “microfluidic” refers o a device or a
system having the capability of manipulating liquid with at least one cross-sectional dimension in

the range of from a few micromsters to about a faw hundrad micrometers.

[0032] For purposes of the present disclosure, the term “droplet” is used to indicate one type
{or a few types mixed together) of liquid of imiled volume that is separated from other paris of
iquid of the same type by air {or other gases), other liquids (lypically not immiscible ones), or
solid surfaces (such as inner surfaces of a DMF device), etc. The volume of a droplet can have
a large range - from a few picoliters (pl) to hundreds of microliters (ul). A droplet can take any
arbifrary shape, such as sphere, semi~-dome, flattened round, or iregular, etc. The volume of
the droplets may range from 1 pL to 100 ul, preferably from 10 plL to 10 ul, and more
preferably from 50 pl o 5 ul.

[08331 The term “particles” is used to indicate micrometric or nanometric sntities, either
natural ones or ariificial ones, such as cells, subcelluars components, viruses, liposomes,
nanospheres, and microspheres, or even smaller entities, such as macro-molecules, proieins,

DNAs, RNAs, efc., as well as droplets of liquid immiscible with the suspension medium, or

~4
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bubbles of gas in Hguid. The sizes of the “particles” range from a few nanometsrs o hundreds of

nmicrometsrs.

[0034] The term “slectrowelting” is used {o indicate the effect that the changs of the contact
angle between a liquid and a solid surface due to an applied electric field. it should be pointed
out that, when AC voltages or glectric fieids are applied, both the elscirowetling sffect and the
dielectrophoretic effect sxist. As the frequency of the AC voltages or elsciric fields increases,
the dielectrophoretic effect will be more pronounced compared {o the electrowetling effect. It is

not the intent to strictly differentiate the electrowetling effect and the dielectrophoretic effect.

[00358] The term “electrophoresis” is used to indicate the phenomenon in which a charged
particie suspended in a liquid medium or gel experiences a force under the influence of a
spatially uniform electric fisld. Electrophorasis is a technigue used in {aboratories in order o
separate and analysis macromuolecules (DNA, RNA, and proteins) and their fragments, based

on their molecular size and electrical charge.

(00361 The term “dielectrophoresis (DEPY is used to indicate the phenomenon in which a
neutral particle experiences a force when il is subjected io a non-uniform electric figld. When a
particle suspended in a liquid medium is exposed t0 a non-uniform eleciric field, it experiences a
force that can cause it move to a region of higher electric field {positive dielectrophoresis) orto a
region of lower slectric field (negalive diglectrophoresis). Unlike electrophoresis, the
dielectrophoretic force doas not require the particie to have charge. Also the dielscirophoretic
force is insensitive {o the polarity of the electric field. The effect of dislectrophoresis can ocour in
both AC (time wvarying) and DC {(non-time varying) electric fields. All particles sxhibit
dielectrophoretic activity in the presence of non-uniform electric fields. The strength of the
diglectrophoretiic force depends on the particle’s size and shaps, the medium and the particle’s

slectrical properties, as well as the frequency of the electric field.

(00377 For purposes of the present disclosure, the phrases “droplet microftuidic device” and
“digital microfluidic device” are used interchangeably to denote a microfluidic device in which

liquid is handled in a discrete format, i.e., droplets. Droplets can be individually manipulated.

[0038] For purposes of the present disclosurs, the phrases “microfiuidic devices” and
“microftuidic chips” are used interchangeably o denote an apparatus in which liquid is handled

at microliters level or smaller.

(00391 Apparatuses and methods are provided by this invention to delect target analyvles in a

sample solution. As will be appreciated by those in the art, the sample solution may include, but
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is not imited to, bodily fluids {(including, but not limited {o, blocd, serum, saliva, uring, sic.),
purified samples (such as purified DNA, RNA, protsins, etc), environmental samples (including,
but not limiled to, water, air, agricultural samples, elc), and biclogical warfare agent samples,
etc. While the bodily fluids can be from any biclogical entities, the present disclosure is more

interested in the bodily fluids from mammals, especially that from human.

[00407 For purposes of the present disclosure, the term “amplification” refers to a process
that can increass the qguantity or concentration of a target analyte. Examples include, but are not
imited to, Polymerase Chain Reaction (PCR) and i#ts variations (such as quantiative
competitive PCR, immune-PCR, reverse franscriptase PCR, eic), Strand Displacement
Amplification (SDA), Nucleic Acid Ssguence Based amplification (NASBA), Loop-mediated

isothermal amplification (LAMP), helicase-dependent amplification (HAD), stc.

[0041] For purposes of the present disclosure, the ferms “layer” and “film” are used
interchangeably 1o denote a structure of body that is typically, but not necessarily planar or
substantially planar, and is typically deposited on, formed on, coated on, or is otherwise

disposed on ancther structure.

[00427 For purposes of the present disclosure, the term “communicate” (e.g., a first
component “communicates with” or “is in communication with” a second component) is used
herein o indicate a structural, functional, mechanical, slectrical, optical, or fluidic relationship, or
any combination thereof, belween two or more components or elements. As such, the fact that
ona component is said to communicate with a second componeant is not intended o excluds the
possibility that additional components may be present between, and/or operatively associated or

engaged with, the first and the second components.

(00431 For purposses of the present disclosure, it will be understood that when a given
component such as a layer, region or substrate is referred {0 herein as being disposed or
formed "on”, “in” or "al’ another component, that given component can be directly on the other
component or, alternatively, intervening components {(8.g., one or more buffer layers, interlayers,
glectrodes or contacis) can also be present. i will be further understood that the terms
“disposed on” and “formed on” are used interchangeably to describe how a given component is
positionad or situated in relation to another componsent. Hence, the terms “disposed on” and
“formed on” are not intended {o infroduce any limitations relating particular methods of material

transport, deposition, or fabrication.
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(00441 For purposes of the present disclosure, it will be understood that when a liquid in any
form {e.g., & droplet or a continuous body, whather moving or stationary) is described as being
“‘on”, “al’, *or “over’ an elecirode, array, matrix or surface, such liquid could be either in direct
contfact with electrode/array/matrix/surface, or could be in contact with one or more layers or

films that are interposed between the liquid and the slectrode/array/matrix/surface.

[004587 As used herein, the term “reagent” describes any material useful for reacting with,
diluling, solvaling, suspending, emulsifying, encapsulating, inferacting with, or adding to a

sample material,

[0046] As used herein, the term “electronic selector” describes any electronic device capable
to set or change the output signal to different voltage or current levels with or without intervening
slectronic devices. As a non-imiting example, a microprocessor along with some driver chips

can be used fo set different electrodes atl different vollage potentials at different times.

(00471  As used herein, the ferm “ground” in the context of “ground electrode” or “ground
voltage” indicates the voliage of corresponding electrode(s) is set 1o zero or substantially close

to zero.

[0048] For purposes of the present disclosure, the term “biomarker” refers to something that
can be used as an indicator of a particular disease state or some other physiclogical state of an
organism, or the body’s response to therapy. A biomarker can be, a protein measured in (but
not limited to) blood {(whose conceniration reflects the presence or severity of a disease), a DNA
sequence, a traceable subsiance that is introduced inlo an organism as a means {o examine

organ function or other aspects of heaith, etc.

(00491 For purposes of the present disclosure, the term “amplification” refers to a process
that can increase the guantity or conceniration of a target analyte. Examples include, but are not
limited to, Polymerase Chain Reaction (PCR) and #s variations (such as guantitative
competitive PCR, immune-PCR, reverse transcriptase PCR, etc), Strand Displacement
Amplification (SDA), Nucleic Acid Ssquence Based amplification (NASBA), Loop-mediated

isothermal amplification (LAMP), helicase-dependent ampilification (HAD), etc.

[00507 For purposes of the present disclosure, the term “slectronic selector” describes any
slectronic device capable to set or change the cutput signal to different voltage or current lavels
with or without intervening electronic devices. As a non-limiting example, a microprocessor
along with some driver chips can be used to set different electrodes at different voltage

potentials at different times.

10
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(00511 By “manipulation” what is meant, in particular, includes one of the following

operations and/or combinations thereof

1. Selection, which includes the isolation of a particular type of particles from a

sample containing a multiplicity types of particles;

2. Reordering, which includes the arrangement of the particlss in an order different

from the beginning.

3. Union, which includes selecting two or more iypes of particles and bringing them
closer iogether until they are forced against one another, for the purpose of bringing

them into contact or of merging them or of including them one within ths other.

4. Separation, which includes separating particles that initially weare in contact with
one another, within cerlain distance from one another, or uniformly distributing in the

media.

5. Trapping (or focusing), which includes moving particles {o a specific location on the

device, and keeping the pariicles at said location for a specified amount of time.

(00527 For purposes of the present disclosure, the terms “detection” and *measurement” are
used interchangeably to denote a process of determining a physical quantity such as position,
charge, temperature, concentration, pH, luminance, and fluorescence, etc. Normally at isast one
detacior {or sensor) is used o measure a physical gquantity and convert i into a signal or
information which can be read by an instrument or a human. One or more components may be
used between the object being measured and the sensor, such as lenses, mirrors, oplical fibers,
and filers in optical measurements, or resistors, capacitors, and transistors in electronic
measuremeants. Also, other apparatuses or componenis may be used to make it easier or
possible {0 measure a physical quantity. For sxampls, when fluorescance intensity is ussd to
deduce the particle concentration, a light source, such as a Laser or Laser diode, may be used
to excite the pariicles to the electronic exciled states from their electronic ground state, which
emiits fluorescence light when returning fo their ground states. The sensors can be a CCD
{Charge Coupled Device), APD, CMOS camera, a photodicde, and a photomuitiplier tube, aic.,
in optical measuremsants, or operational amplifier, analog-to-digital convertor, thermocouple, and

thermistor, efc., in elecironic measuremsnts.

[0053] Detection or measurement can be done to a plurality of signals from a plurality of
products, either simultanecusly or sequentially. For example, a photodiode can be used {o

measure of the fluorescence intensity from a particular type of particles in a droplet, while the
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position of the the droplet is being sensed by a capacitancs measurameni at the same time.
Also, a detector {or sensor) can include or be operably linked fo a computer, e.g., which has
software for converling delector signals fo information that a human or other machine can
understand. For example, the fluorescence intensity information is used 1o deduce the

concentration of can be converted to particle concentration.

(0054} Joule heating, also known as ohmic heating or resistive heating, is the process by
which the passage of an electric current through a conductor generates heat. The amount of

heat released is proportional to the square of the current such that

« P is the power (energy per unit time) converted from electrical energy to thermal
energy,

= [is the current traveling through the resistor or other slemant,

¢ Vis the voltage drop across the element,

o R is the resistance.

(005851 This relationship is known as Joule's first law or Joule—-Lenz iaw. Joule heating is
indspendent of the direction of current, unlike heating due to the Pellier sffect. It should be
poinied out that the current (I) and voltage (V) in the formula are the effective values. When a
DC voltage (or current) is used, the effective voltage {or current) value is the same as the DC
voltage (or current) value. When using an AC voltage (or current) source, the effective voltage
(or current) is the root-mean-square (RMS) value. For example, for a sinusoidal AC wave, the
RMS value is the peak value divided by the squars roof of 2; and for a symmestric bipolar square

wave, the RMS value is the same as the peak value.

(00581 In practice, both DC and low frequency AC signals are used to conirol the heating
slectrodes. The AC signal frequency for controliing the heating electrodes is typically smaller

than 10 MHz, and preferably smaller than 100 KHz, and more preferably smaller than 1 KHz

[08577 The resistance of a heating element can rangs from 0.1 Chm {o 100,000 Chms,
preferably from 1 Ohms to 10,000 Ohms, and more preferably from 10 Ohms to 1000 Chms.

[0058] For purposes of the present disclosure, a pulse width modulation (PWM) signal is a
square wave signal (a signal switched between on and off) with controliable pulse width or duty

cycle. The term “duly cycle” describes the proportion of "on” lime to the regular interval or
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“‘period” of time. Duty cycle is typically exprassed in percent, 100% being fully on, and 0% bsing

fully off. PWM is a common used technigus for contralling analog circuits using digital outputs.

[00591 In electronics, a via or VIA (Vertical Interconnect Access) is an electrical connection
between layers in a physical electronic circuit that goes through the plane of one or more
adjacent layers. For purposss of the present disclosure, a via is a small opening in the cover
plate (non-conductive) that allows a conductive connsction between the {op surface of the cover

plate and the healing eleclrodes.

(00607 The design of the heating electrodes provided will now be illustrated, along with some
potential applications, with reference being made as necessary to the accompanying Figures 1 -
8.

[00681] Referring now to Figures 1A, 1B and 1C, a droplet microfluidic device (designated
100y with heating electrodes is illustraied as a preferred embodiment for effecting heat
exchanging reaction of a droplet D. In this embodiment, as shown in Figures 1A, 1B and 1C,
droplet D is sandwiched between a lower plate, designated 101, and an upper plale, designated
111. The terms “upper” and “lower” arg used in the present context only to distinguish thess two
planes 101 and 111, and not as & limitation on the orieniation of the planes 101 and 111 with
respect to the horizontal. Conventionally, the upper plate is also called cover plate, as the

droplet control electrodes, designated 103, are disposed on the lowsr plate.

[0062] The material for making the lower plate or the upper/cover plate is not important as
fong as the surface where the slectrodes or the heating electrodes are disposed is (or is mads)
electrically non-conductive. The maierial should also be rigid encugh so that the lower plate
and/or the cover plate can substantially keep their original shape once made. The lower plate
and/or the cover plate can be made of (not limited o) glass, ceramic, quartz, or polymers such

as polycarbonate (PC), polyethylene terephihalate (PET), or cyclic olefin copolymer (COC).

(00631 The number of heating elecirodes, designed 113, range from 1 fo 1000, but
preferably from 2 to 500, and more preferably from 2 to 100. The width of a heating electrode
can range from approximately 0.005 mm io approximately 200 mim, but preferably from
approximately 0.02 mm to approximately 100 mm, and more preferably from approximately 0.05
mim to approximatsly 50 mm. The length of a healing elecirode can range from approximatsly 1
mm to approximately 1000 mmy, but preferably from approximately 5 mm to approximalely 200

mm, and more preferably from approximaiely 10 mm to approximately 100 mm. The shape of a
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healing electrode can be, but not Emited {o, rectangular, square, saw-looth, ssrpenting, and

spiral, etc.

[0064] The heating elecirodes can be made of any electrically conductive material such as

platinum, aluminum, copper, chrome and indium-tin-oxide {ITO), and the like.

(00651 Layers 104, 114, and 118 are thin films of dielectric materials, which can be, but not
limited to, Teflon, Cytop, SUB, CEP, Parviene C and silicon dioxide, and the fike. 115 is a layer
of conductive material, which can be, but not limited 1o ITO, aluminum, copper, etc. Laver 115 is
typically electrically grounded. Aside of acting as a grounding electrode, electrode 115 works as
a shielding layer to prevent the possible electric and/or magnetic field(s) generated by the
heating electrodss 113 from affecting the droplet’'s motion, shape, position, particle distribution,

etc.

(00661 It should be pointed out that the spaces between adjacent elecirodes at the same
laver are generally filled with dielectric material(s) when the covering dielectric layer is disposed.
These spacss can also be left emply or filled with gas such as air or nitrogen. Ali the electrodss

at the same layer, as wall as elecirodes at different layers, are preferably electrically isolated.

(00671 Figures 2A, 2B, 2C and 2D present another preferrsd smbodiment of droplet
microfiuidic device (designated 200} with healing electrodes for effecting heat exchanging
reaction of a droplet D. Device 200 defers from device 100 in that the droplet conirol electrodes,
203 and 205, are located in two different layers separated by a layer of dielectric material 204,
Simlar to device 100, in device 200, the number of healing slectrodss, designed 213, range
from 1 1o 1000, bui preferably from 2 to 500, and more preferably from 2 to 100, The width of a
heating electrode can range from approximately 0.005 mm fo approximately 200 mm, but
preferably from approximately 0.02 mm to approximately 100 mm, and more preferably from
approximately 0.05 mm o approximatsly 50 mm. The length of a heating electrods can range
from approximately 1 mm to approximately 1000 mm, bui preferably from approximately 5 mm
to approximately 200 mm, and more preferably from approximately 10 mm o approximately 100
mm. The shape of a heating elecirode can be, but not limited to, rectangular, square, saw-tooth,

serpenting, and spiral, etc.

[0088] The heating elscirodes can be made of any electrically conductive material such as

platinum, aluminum, copper, chrome and indium-tin-oxide (ITO), and the like.

(00691 Layers 204, 214, and 2186 are thin films of dielectric materials, which can be, but not
limited to, Teflon, Cylop, SU8, CEP, Paryiene C and silicon dioxide, and the fike. 215 is a layer
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of conductive material, which can be, but not limited to 1TO, aluminum, copper, ete. Laver 2151s
a layer of conductive material, which can be, but not limited to ITC, aluminum, copper, stc.
Laver 215 is typically electrically grounded. Aside of acting as a grounding electrode, electrode
115 works as a shielding layer to prevent the possible electric and/or magnetic field(s)
generated by the hsating electrodes 213 from affecting the droplet’s motion, shape, position,

particle distribution, etc.

(00707  Figures 3A and 3B illustrate some of the possible designs of the heatling slectrodes

and their connections.

[0071] In Figure 3A, heating electrodes 1, 2, 3, and 4 have the same resistance. They are
connected in series, so that a single cumrsnt source can be used to energize ail of them. The
same amount of heat is generated by each of the heating elecirodes. Heating slectrodes 6, 7, 8,
and 9 are also connected in series, but they have the different resistance values. When the
same current is going through them, different heating electrodes can generate different amount
of heal in some embodiments, the one with higher resistance valug can generate more heat
The connecting elecirodes (31} ars normally mads with much smaller resistance so that ths

heat generated by them is insignificant in a regular operation.

(00721 In Figure 3B, heating electrodes 1, 2, 3, and 4 have the same resistance. They are
connected in parailel. When a voltage difference (V1 - V2) is applied across them, the same
amount of heat is generated by each of the haating elscirodes. Heating electrodes 6,7, 8, and §
are also connecled in parallel, but they have ths different resisiances. When the same voliage
difference (V3 - V4) is applied across them, different heating elecirodes will generate different
amount of heat. The one will lower resistance value will generate more heat. The connecling
electrodes (41, 42, 43, and 44) are normally made with much smaller resisiance so that the heat

generated by them is insignificant in a regular opsaration.

00731 When the resistance value of a heating electrods is chosen properly, the temperature
can be conirolled 1o a specified value when a proper amount of current or vollage is applied to
said heating element. In practice, the running states of other heating electrodes, especially the
adjacent ocnes, need io be {aken into account when appiying current or vollage 1o a specified
healing slectrods. But in theory, this makes it possible to conirol the tempsrature profile of a

DMF device without the need of close-loop temperature conirol.
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(00741 As mentioned before, although the heating electrodes show in Figures 3A and 3B
have elongated rectangular shapes, in practice, thay can take on many different shapes such as,

but not limited to, curved, zig-zag, spiral, saw-tooth, and serpentine, elc,

[0078] Figure 4 presenis yet another embodiment of a droplet microfluidic device, which is
the same as device 100 in Figures 1A, 1B, and 1C except that two exiernal tempserature control
modules 121 and 122 are incorporatsd. In some embodiments, 121 and 122 can be
temperature conirol modules such as water or air cooling blocks, Peltiers, resistive heaters, elc.,

or non-contact modules such as microwave heating and photonic-based heating fixtures.

[0076] It is probably worth mentioning that none of the devices presented herein has active
components, such as thin film ifransistors (TFTs), for the control of droplets or the heating

slements. The purpose is to keep the manufaciuring cost low, and the devices more reliabls.

(00771 Droplet microfiuidics combined with integrated temperature control offer many

advantages. Here are some non-limiting examples.

Exampie 1

High Throughput gPCR with Heating Eleclrodes

(00781 The present devices can make it easy to dispense many reaction droplefs and move
them to the zones with specifisd temperature profiles for heat exchanging reactions such as

PCR. Hundreds, even thousands, of PCR reactions can be performed simultansously.

(00791 As an example, Figure 5A shows that 8 temperature zones are created in a droplet
microfiuidic device. The circles represent PCR reaction droplets. Healing elecirodes HE1, HE2,
and HE3 control the Isfi three zones to temperature settings T1, T2 and T3, respectively;
heating elsctrodes HE4, HES, and HES control the three zones in the middie {o temperature
seftings T4, T6é and TG, respsctively; and heating electrodes HE7 and HES control the two
zones on the right 1o lemperature settings T7 and T8, respectively. Zones 1-3 (with temperature
values at T1, T2, and T3) and zones 4-6 (with temperature values at T4, T5, and T6) can be
utilized o run two different three-step PCRs, in which three different temperatures are needed
for DNA denaturation, annealing, and extension. Zoneas 7 and 8 (with temperature values at 77
and T8) can be used to run a two-step PCRs, in which only two temperatures are nesded as

annealing and exiension take place at the same temperature.
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(00801 Figure 5B is a two-step gPCR data running on a DMF device with on-chip heating
elacirodes. A layer of shiglding slectrode is disposed {0 cover the heating electrodes. H should
be pointed out that the shielding elecirode and the heating electrodes are at two different layers
separated by a layer of dielectric material. DMF devices can be built without the shielding
electrode. it is noticeable that the droplet operations become problematic when the heating
slectrodes are enabled. For example, once a droplst is moved to g location that is under one of
the enabled healing electrodes, it becomes difficult, sometimes impossible, o move it away

from that location.

(00811 DBS-2000 DNA Analyzer, an instrument design and manufaclured by Digital
BioSystems, was used for the droplet control and the fluorescence data collection in Figure 5B.
The resistances of the hsating electrodes ware about 200 Ohms. The reaction droplet volume
was about 1.5 ul.. The denaluration temperature was set at 95 °C, and the annealing/extension

temperature was 80 °C.

(00821 As a droplet typically has the shape of a round disk with thickness of a few hundred
micrometsrs or less, the fime it takes for it to reach temperature equilibrium is very short (less
than one second). The droplet can move fast too. So, PCR reactions run very fast on a droplst
microfluidic device. Using BBS-2000 instrument, it is common {o design PCR reaction with sach
temperature cycle time less than 20 seconds for droplets at around 2ul in volume. With system

optimization or smaller droplets, the PCR reaction can be run even faster.

[00831 It is worth pointing out that digital PCR can be implemented using droplet microfiuidic
devices with similar design. By diluling the sample and making the droplets smailer, the sample
can be separated into a large number of partitions and the reaction is carried out in each
partition individually. As mentioned before, a 45-cycle PCR can be done in 15 minutes or less.

Hence, the present disclosure presents a new and improved platform for digital PCR.

Example 2

isothermal amplification and PCR on the same DMF device

(00841 Figure 6 presents a schematic design of the heating electrodes on a DMF device so
that the heating elscirode HE1 conirols the left part of the device {0 a tempsrature {T1), which is
suitable for the isothermal amplification of DNA1, and heating electrodes HEZ2 and HES3 control

two other areas with temperatures (T2 and T3), which are suitable for a two-step PCR DNAZ2.
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(00851 Reaction droplets for the isothermal amplification can be generated/dispensed and
move o the T1 femperature area, and PCR resaction droplsis are generated/dispensed and
move fo T2 temperature area. During experiments, droplets in area T1 stay stationary, and
droplets in T2 area are moved back and forth between T2 and T3 temperature areas so that the
PCR temperature cycling can be performed. Fluorescence from all the droplets can be collected
raal-time during the experiments so that quaniitative measurement of the DNAs in both regions

can be achisved.

Example 3

Flow-through PCR and Melting Curve Analyses with heating electrodes

(00861 Figure 7 illustrates a schematic design of the heating electrodes on a DMF device so
that temperature zones T1 and T2 are repeated (about 40 times), so that when a droplet can go
through many PCR temperature cycles (for a two-step PCR) by traveling from through the
regions from the left to the right. A similar design can be done for three-step PCR too. On the
right of the device, an area of temperature gradient from T3 (typically 50 °C or higher) io T4
(typically 85 °C or lower) is crealed on the device, so thal a meling curve analysis can be

performed for a PCR amplified droplet.

(00871 The device can be designed in such a way that droplets can be dispensed
continuously from the sample welis on the left on the device and moved through the PCR zones
and sventuaily through the melting curve analysis zone, and finally moved {0 the wasts wells on
the right.

[0088] Many applications can take advantage of this design in Figure 7, one of which is the

possibiiity of point-of-arrest forensic analysis.

[00891 There are about 3 billion base pairs in the human genome — most of them are the
same among human beings. However, a small percentage {less than 0.5%) of the human DNA

sequence differs, and these are the polymorphic sequences used in forensic applications.

(00901 The DNA sequences used in forensic DNA profiling are non-coding regions that
contain segments of short tandem repeats or STRs. STRs are very short (normally 2-5 base
pairs} DNA sequences that are repeated in direct head-to-tail fashion. For example, the 16
base-pairs sequence of "GATAGATAGATAGATA" would represent 4 head-tail copies of the

tetramer "GATA". STR analysis compares specific loci (regions of chromosomes) on DNA from
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two or more samples. These differsnces allow for distinguishing betwsen individuals, despite
the fact that humans share the overwhalming majority of the same DNA. In criminal
investigations, there are nommally thirteen regions that are analyzed and compared to establish
profiles. The chances of two people having the exact same thirteen regions are virtually

impossible — less than one in a billion.

[00%1] STR analysis involves the exiraction of nuclear DNA from cells in a sample and
certain regions of the DNA are sxiracted. Currently, a typical way of finding out the number of
repeats of the STR sequence in the exiracted DNA is through PCR followed gel electrophoresis,
which is a lengthy and expensive process. The present devices allow STR analysis to be done
using PCR followed by mslting curve measurement [French DJ, et al, Inferrogation of short
tandam repeats using Ruorescent probes and melting curve analysis: A step towards rapid DNA
identity screening. Forensic Science International: Genetics 2 (2008) 333-338] - all on the same
device shown in Figure 7. Since the on-chip PCR reactions and melting curve measurement can
be done fast and with minimum lab requirement, this invention makes it possibie to find forensic

DNA svidence at the poini-of-arrest.

Exampie 4
gPCR Analvsis of Raw Sample

(00921 Figure 8 shows an example of exiracting DNA sample from a wholg blood and
analyzing it using a described DMF davics. In step 8801, a DMF device is ivaded with the
patient whole blood sample and the reagent (including DNA primers, DNA polymerases, dNTPs,
ete.} for running gPCR. 5802, a sample droplet is dispensed from the sample well and moved a
region on the device where the temperature is conirolied to a spscified value for thermal
treatment of the cells. 3803, cell lysis is performed by raising the temperature of the sampls
droplet to around 100 °C for a brief period of time (for example, 30 to 40 seconds). S804, move
the sample dropiet to 2 location where DNA exiraction using magnet beads {akes place. 3805,
use magnets (external to the DMF device) to drag the magnet beads to a location whsre the
beads can be washed. 5808, uss the magnets to move the beads o 3 location where ths DNA
molecules can be eluted from the beads. 8807, move the supernatant, which contains the
sluted DNA molecules, 1o merge/mix with a dispensed PCR reagent droplet, and then move
mixed droplet to a temperature zone where the gPCR measurement can be performed. S808,

move the measured droplet{s) 10 a wasie slorage location on the davice.
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(00931 Figure 8 shows only one of the many possible applications for carrying out
biochemical analyses by simply loading a DMF device as described with raw material and the
corresponding reagenis. The DMF device provides many functions such as extracting analyies
from the raw material, and carrying out detection on them. Examples include, but are not limited
to, blood chemisiry measurements, such as blood gases, glucose, elecirolytes, urea, sic., in
whole blood; the measuremant of sweaat glectrolyies in swaat for cystic fibrosis diagnostics; and
the measurement of interleukin 1-beta (IL-18) and interfeukin 8 (IL-8), elc., in saliva, o delect

oral squamous cell carcinoma; slc.

[0094] it should be pointed out that the use of heating electrodes inside a DMF davice offer
great advantages comparing to external heaters, for exampie, saving room for other actuators
such as magnets, and clearing the path for things like Laser excilation and fluorescence

detaction, o name two.

[00958] it should be mentioned that the above described examples and the above mentioned
advantages are by no means exhaustive. The flexible nature of this invention can be utilized for
many applications and doss have a ot of advaniages comparing other technologies such as

microfluidic devices with only the extemal temperature controls.

[0086] All printed patents and publications referred to in this application are hereby

incorporated herein in their entirely.

(00971  While the preferred embodiments of the invention have been iilustrated and described,
it will be appreciaied that various changss can be made thersin without departing from ths spirit

and scope of the invention.

[0098] The above described embodiments are only used to lllustrate the principles and their
gffects of this invention, and are not used {o limit the scope of the invention. For people who are
familiar with this {echnical field, various modifications and changes can be made without
viclating the spirit and scope of the invention. So, all modifications and changes without
departing from the spirit and technical guidelines by anyone with common knowledge in this

technical field are still covered by the current invention.
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Claims:

1. An apparatus for droplet manipulations, comprising:

a. a first substrate comprising a first substrate surface;

b.  an array of droplet control electrodes disposed on the first substrate surface;

c. a first dielectric layer disposed on the first substrate surface to cover at least

some of the droplet control electrodes;

d. a second substrale, comprising a second substrate surface facing the first
substrate surface, spaced from the first substrate surface by a distance fo define a space
between the first and the second subsirates, wherein the disiance is sufficient to contain a

droplet disposed in the space;

e. one or more heating electrodes disposed on the second substrate surface;

f. a second dislectric material layer disposed on the second subsirate surface io

cover at least some of the thin film heating slectrode(s);

g. one or more shielding electrodes disposed on the second substrate surface fo

cover at least a portion of the second dielectric material laver; and

h. a third diglectric material layer disposed on the sscond subsirate surface to covar

al lzast some of the shislding electrodes.

2. The apparatus of Claim 1, wherein two or mors heating electrodes are connecied in
series.

3. The apparatus of Claim 1, wherein two or more heating electrodes are connected in
parallel.
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4. The apparatus of Claim 1, wharein at isast a portion of the first dielectric layer is

hydrophobic.

5. The apparatus of Claim 1, wherein at least a portion of the third dielecltric layer is

hydrophobic.

5. The apparatus of Claim 1, wherein the droplet conirol electrodes are in two layers

separated by a laver of dielectric material.

7. The apparatus of Claim 1, further comprising an elecirode selscior for sequentially
activating and de-activating one or more selected droplet conirol electrades to ssquentially bias
the sslected droplet control electrodes actuation voltages, whereby a droplet disposed on the

substrate surface moves along a desired path defined by the selected droplet conirol electrodes.

8. The apparatus of claim 7, whersin the eleclrode selector comprises an glectronic
Processor.
9. The apparatus of Claim 1, further comprising electric circuits for providing current

signals to control one or more of the heating elecirodes.

10. The apparatus of Claim 1, comprising electric circuils for providing veltage signals to

control one or more of the heating electrodes.

11 The apparatus of Claim 1, comprising electric circuits for providing PWM signals o

control one or more of the heating electrodss.

12. The apparatus of Claim 1, wherein vias are made on the second substrates through

which the control signals can be provided to the heating elecirodes.

13. The apparatus of Claim 1, wherein eleclric contacls are made between the heating
slectrodes {on the second subsirate) and connection electrodes made on the first substrates, so
that control signals for said healing electrodes can be provided through the connections

glectrodes on the first substrate.
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14, The apparatus of Claim 1, wherein the liquid is an electrolyte.

15. The apparatus of Claim 1, further comprising a droplet inlet communicating with the
surface.

16. The apparatus of Claim 1, further comprising a droplet outlet communicating with the
surface.

17. A method for controlling the temperature of the heating elecirodes in Claim 1, whersin

the heating slectrodes are fabricated {0 have specific resistance values so that when specified
signal levels {(voltage, currents, or duty cycle) are provided, the hsating slectrodes can o

controlied {o specified femperatures.

18. A method for controlling the temperature of the heating elecirodes in Claim 1, whersin
the conductive material chosen o make said heatling electrades has significant cosfficient of
resistance so that the resistance changes of said heating electrodes during heating process can

be used o calculate the termnmperature changes of said heating electrodes.

19. The method according o Claim 18 wherein the temperature changes are used as
feadbacks in a close-loop contral in which the control signals (voltage, current, or the duly cycle)

can be continuously adjusted to control said heating electrodes to the specified temperaiures.

20. A method for controlling the temperaiure of the heating electrodss in Claim 1, wherein
separate temperaiure sensors are made to provide (direct or indirect) temperature
measurements of the heating slectrodes, and said temperature measurements are used {o

conirol the temperature of said heating electrodes.
21. A method for controlling the temperature of the heating elecirodes in Claim 20,
wherein the temperalure ssnsors are thermistors, thermocouples, or resistance temperature

detsciors disposed adjacent to the healing elecirodes.

22. A method for controlling the temperature of the heating electrodes in Claim 20,

wherein the temperaiure sensors are external {o the apparatus in Claim 1.
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23. A method for controlling the temperalure of the heating electrodes in Claim 22,

whersin the temperature sensors are infrared sensors.
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S801

Load patient blood sample and PCR reagent to a
DMF device.

S802

Dispense a sample droplet, and moveittoa
location on the device where they can be heated.

S803

Achieve thermal lysis of the cells by raise the
droplet temperature to 100 °Cand hold the
temperature for 30 to 40 seconds.

S804

Move the sample droplet to a location where
magnet beads can be used to extract the DNA
molecules of interest from the sample.

S805

Use external magnet(s) to move the magnet
beads to a location where they can be
washed/cleaned.

S806

Use external magnet(s) to move the magnet
beads to a location where the DNA can be
cluted.

S807

Move the supermatant (DNA droplet to combine
with a dispensed PCR reagent droplet in a
temperature zone where qPCR can be
performed

S808

SRR

Move the measured droplet(s) to a waste storage
location on the device.

Figure 8
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-***-Continued from Box No. Il Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group !: Claims 1-16 are directed towards an apparatus for droplet manipulations.

Group II: Claim 17 is directed towards a method for controlling the temperature of heating electrodes having a specific resistance.
Group Ii: Claims 18-19 are directed towards a method for controlling the temperature of heating electrodes where the resistance
changes.

Group IV: Claims 20-21 are directed towards a method for controlling the temperature of heating electrodes, wherein separate
temperature sensors are made.

The inventions listed as Groups I-IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least a. a first substrate comprising a first substrate surface; b. an array of droplet
control electrodes disposed on the first substrate surface; ¢. a first dielectric layer disposed on the first substrate surface to cover at least
some of the droplet control electrodes; d. a second substrate, comprising a second substrate surface facing the first substrate surface,
spaced from the first substrate surface by a distance to define a space between the first and the second substrates, wherein the distance
is sufficient to contain a droplet disposed in the space; e. one or more heating electrodes disposed on the second substrate surface; f. a
second dielectric material layer disposed on the second substrate surface to cover at least some of the thin film heating electrode(s); g.
one or more shielding electrodes disposed on the second substrate surface to cover at least a portion of the second dielectric material
layer; and h. a third dielectric material layer disposed on the second substrate surface to cover at least some of the shielding electrodes,
which are not present in Groups II-IV.

The special technical features of Group |l include at least wherein the heating electrodes are fabricated to have specific resistance
values so that when specified signal levels (voltage, currents, or duty cycle) are provided, the heating electrodes can be controlled to
specified temperatures, which are not present in Groups |, lll, and IV.

The special technical features of Group Il include at least wherein the conductive material chosen to make said heating electrodes has
significant coefficient of resistance so that the resistance changes of said heating electrodes during heating process can be used to
calculate the temperature changes of said heating electrodes, which are not present in Groups |, Il, and 1V.

The special technical features of Group IV include at least wherein separate temperature sensors are made to provide (direct or indirect)
temperature measurements of the heating electrodes, and said temperature measurements are used to control the temperature of said
heating electrodes, which are not present in Groups I-1l1.

The common technical features shared by Groups I-IV are a method for controlling the temperature of heating electrodes.
However, these common features are previously disclosed by US 7,075,031 B2 to STRANG et al. (hereinafter “Strang”). Strang
discloses a method for controlling the temperature of heating electrodes (method of and a structure for controlling the temperature of an

electrode; Abstract).

Since the common technical features are previously disclosed by the Strang reference, these common features are not special and so
Groups -1V lack unity.
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