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(57) ABSTRACT

A method for analyzing a target nucleic acid includes
diluting nucleic acid targets and filling pico to femto-liter
sized wells such that they contain a single target nucleic acid
and one or more amplification reagents, amplifying the
target in the individual wells, distinguishing wells contain-
ing amplicon from the target and amplicon from a variant of
the target generated by polymerase error by using two
differently labeled-hybridization probes, one hybridizing to
the target and one hybridizing to a specific variant of the
target; and analyzing target amplicons.

High-Efficieonoy Bingle-Cell Droplet Sonerator

Flows GO Ugle Ergie

&

Sresring Winor

S oens2

Fuorerenre Arlvated Fiezo restss a

fdoraentary Pressure Puise to Selctively

Forra Eropists only whenthe desyed
T Celisare Freaant.

aping Lager.

- T Wase

Larrier Pt v

T Re-caileclion
HEsenigir

Section A4

+  Optionol Dows-Sireorn Coulter Cvifice for

Eegi-time Droalet Q.

+  Voftoge Across the Droplet Grifice can be

used to Adiust Droplet Size foptanail

P Dicde oy
Leser Abgrmendt




US 2019/0136296 Al

May 9, 2019 Sheet 1 of 11

L Ol

13131W0TAT MOl 3NNG a4l Ag pazAeuy aq ued inding dueg .
SpOyls BULINIOBINUB O TU0 piepuRIs Suin DIRUNUET WBABT L .
TRITIU0D 7B S5 1910040 U0 ORGP SBNGD ylm diuD uDdbpAdusiDye-uBiH

"

¥ !

A

SRpDITED
ja=iia )

e ichy
adieg By

SIS

Patent Application Publication




US 2019/0136296 Al

May 9, 2019 Sheet 2 of 11

Z "l

UOLTHOS IS0G0S TI803-M0T .

‘spoyieis Fupnoemuel Q4140 JUSLND 535 «

“NIBGDRS) SUS/TYD 1940 SWIN-IRRS A0 BOULIG SSUN0TD AU eunldn .
‘B edosT UOIINUT DRIRIG UOIBIBId TOE 12BN .

4y W pue soipiauan papdosg wipk-uyl Ausiogz-udig .

HE I vy HOHIAG A5 3T
BEMD _

ey Budoen

adhi- ST by

e SHAEY 3
— ERETED

T BAEY 34

s as uhuss

Patent Application Publication

HOIID8D-88047 J0lBIBuan 9ol




May 9,2019 Sheet 3 of 11 US 2019/0136296 Al

Patent Application Publication

FOAEEDY
HEEA

i

£ i

Aousingd el 1B %SE .

SEUT SN 0D o JRLND 583818497 .

spoyiew Bupmepnuew Oe0 prepuels Busn slpunuet iafrT s .
uolieiauan aoig 1wenbasgns pue uollDALag §30 SWl-BaY

%4& #I ¥

L :
o N. wu\.lnw %
SBHEROD PSR O

= g
Fues

HO BB URG
Ao puy
HHRIATAT
SIS B

AOVRIRUSS 180l

imoeeibug Asusiuis-uliy



May 9,2019 Sheet 4 of 11 US 2019/0136296 Al

Patent Application Publication

¥ 'Old

Yiouonds) ang 3adosg pnipy oy pasn

2q w0 33fu0 33doig sy ssoisy 3By
0 1o Aw- 103y

0§ 33U SBYN0T WILRS-LMRG fousiidn

W LOLIEE

HOAEESE
USROG DL

A PUT SR

b Bk

%

REER RS ezt

DRPSSSUI UM AU0 S0 0T L0 4
Aaall s 0l 354 S ESS 4 AIuaiuny
B SIS 00N R A B SR N g SRR

Aossaauad yeuioag gaoraBug Aoum

&3




May 9,2019 Sheet S of 11 US 2019/0136296 Al

Patent Application Publication

5O

‘§INS3Y S1H0TIY -
AUWNT SUDIE  —

Hod swirofiad —

subliyy —
SANOIIDWOINY WalsAS

THYLS pue WaisAs UHdps 01U 58PS 15U

SHIMOIINN [BNPIAIPUY {295 wigh

iy IOAOIOHA] OIU0 asuadsi pue xiuadng Ynd asedold




Patent Application Publication @ May 9, 2019 Sheet 6 of 11 US 2019/0136296 A1

Transparent Sids
T WWith 20,000s
Microwedls.,

ple onto Chip

nse Sam

1~ Dispe

R
R

Vacuum
FIG. 6

o

e

e

S Layer

X

i

PCR Super



Patent Application Publication @ May 9, 2019 Sheet 7 of 11 US 2019/0136296 A1

£

8]

£

<

fxat

54

5z
ks ,‘t‘
2 i
3 -’

FIG. 7

& Layer
faminate




May 9,2019 Sheet 8 of 11 US 2019/0136296 Al

Patent Application Publication

BISISAS DGR pRRIBau

Al

338AS | s OJuU] Jaesu] ¢

8 "Oid

gsljewioInyY S1iele Wwesie




May 9,2019 Sheet 9 of 11 US 2019/0136296 Al

Patent Application Publication

Pue Sseip

6 "Oid

[BULIBYL MOT JO 35hEedDy B

Eeis )

AR

SSUINOA 3{0WIES 12101
41s504d 51 ¥Od uspiye ‘pidey

*




US 2019/0136296 Al

May 9, 2019 Sheet 10 of 11

Patent Application Publication

01 "Oid
2HRALUSG g ”&xm 41
NN A. »
= %
LN
Feg oy

A3
Suueay

e BOMDIG

Tsuay &

ygisn eEEeT Sil4

Ws1sAs OO oy Sunsng
A1 38EioAD] AARSY M WIBISAS YD d BB Suiuuedg

aswiBuy b Buuese 05 %0



US 2019/0136296 Al

May 9, 2019 Sheet 11 of 11

Patent Application Publication

BUIBUZ Y4B O XOW S8z
O9-241-uo-gsn

paiamod Aleney

HuUn uo padepdsig st Asewsuung
pue popduio) synsay
SoUBISDIONA J0j0T OM]

diyy yoea 03 19587 susdyy

H¥Dd swiioLag

SO HBAMOIIA 6 03 dnsuny

-

:suoneIyneds

>

bLOId




US 2019/0136296 Al

ULTRA-SENSITIVE PLATFORM FOR

NUCLEIC ACID DETECTION USING A
NOVEL METHOD, SCANNING DIGITAL
POLYMERASE CHAIN REACTION (PCR)

PRIORITY CLAIM

[0001] This application claims priority to U.S. Prov. Pat.
Appl. No. 62/584,055 filed Nov. 9, 2017, the contents of
which are hereby incorporated by reference as if fully set
forth herein.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0002] Preferred and alternative embodiments of the pres-
ent invention are described in detail below with reference to
the following drawing figures.

[0003] FIG. 1 illustrates a top view of a multi-layer,
thin-film cassette according to an embodiment of the inven-
tion;

[0004] FIG. 2 illustrates a cross-section of the high-effi-
ciency single-cell droplet generating cassette of FIG. 1;
[0005] FIG. 3 illustrates a top view schematic of an active
single-cell droplet generator according to an embodiment of
the invention;

[0006] FIG. 4 illustrates a cross-section view of the active
single-cell droplet generator of FIG. 3; and

[0007] FIGS. 5-11 illustrate a workflow and associated
system according to an embodiment of the invention.

DETAILED DESCRIPTION

[0008] There is a clear need in biological related sciences
to determine the presence of low abundance nucleic acid
sequences for gene expression analysis, mRNA analysis,
vial load determination, and pathogen detection, among
others. There is also a strong need in research for absolute
quantification of target nucleic acid sequences. Absolute
quantification is possible by partitioning a quantitative PCR
reaction into 1 Os of thousands of individual femtoliter
volumes, or wells. Each well contains a single target mol-
ecule (positive) or no target molecule (negative). Sample
partitioning allows sensitive, specific detection of single
template molecules. The partitioning mitigates the effects of
target competition, making digital PCR amplification less
susceptible to inhibition and greatly improving the discrimi-
natory capacity of assays.

[0009] The only other currently available technology to
perform absolute quantification of nucleic acid sequences
(also known as Digital PCR) is to split the PCR reaction
materials into thousands of individual emulsion droplets.
This process is expensive, complicated, and cumbersome to
perform and requires three separate instruments, a droplet
generator, a thermocycler (for PC), and a flow-based droplet
analyzer.

[0010] Embodiments include a novel structure and method
for performing digital PCR using a low-cost, easy-to-use
consumable and a combined thermocycler/analyzer. A PCR
supermix is deposited into a slide containing approximately
20,000 microwells with volumes on the order of femtoliters.
Capping layers, such as plastic or glass, are then added to
seal each well to form individual reaction chambers for
subsequent PCR.

[0011] Once prepared, the femtoliter well chips may be
placed into a fully integrated system (it can also be done
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using two separate systems, one for PCR and one for the
analysis) that performs the thermalcycling required for PCR
and then the analysis. The system may comprise a laser with
abeam focused to interrogate only one well at a time, at least
one photodetector for measuring the emitted fluorescence
from each individual well, a laser steering assembly for
scanning the laser over the 20,000+ wells, and a program-
mable microcontroller. The system will also likely need to
be able to “align” the laser to the consumable so that it
“knows” where all of the wells are located. To do this, the
preferred embodiment will be a photodiode placed on the
opposite side (likely under) the femtoliter well consumable.
[0012] Additionally, there is a clear need in biological
related sciences to determine the presence of low abundance
nucleic acid sequences for gene expression analysis, mRNA
analysis, vial load determination, and pathogen detection,
among others. There is also a strong need in research for
absolute quantification of target nucleic acid sequences.
Absolute quantification is possible by partitioning a quan-
titative PCR into 10s of thousands of individual picoliter
volumes, or wells. Each well contains a single target mol-
ecule (positive) or no target molecule (negative). Sample
partitioning allows sensitive, specific detection of single
template molecules (i.e., the molecule of interest). The
partitioning mitigates the effects of target competition, mak-
ing digital PCR amplification less susceptible to inhibition
and greatly improving the discriminatory capacity of assays.
[0013] The only other currently available technology to
perform absolute quantification of nucleic acid sequences
(also known as Digital PCR) is to split the PCR reaction
materials into thousands of individual emulsion droplets.
This process is expensive, complicated, and cumbersome to
perform and requires three separate instruments, a droplet
generator, a thermocycler (for PC), and a flow-based droplet
analyzer.

[0014] Embodiments include a structure and method for
performing digital PCR using a low-cost, easy-to-use con-
sumable and a combined thermocycler/analyzer. This is
done by creating emulsion droplets using a low-cost, thin-
film technology with an optional method to measure the size
of the droplets, and to some extent, the contents of the
droplets, just downstream of their production, all within the
same structure/cassette. By combining precision laser pro-
cessing and multi-layer laminates, an embodiment provides
low-cost, high-efficiency emulsion droplet generating cas-
settes (see FIG. 1 and FIG. 2). This 3-D, thin-film structure
is unique and allows for the sample well to be positioned
directly over the droplet generating orifice. By locating the
sample well directly over the droplet orifice, the suspended
cells can be allowed to settle to the bottom, via gravity, to
greatly increase the resulting cell-in-droplet efficiency.
[0015] Preferably, within the same cassette, it is also
possible to incorporate a current Coulter-style particle inter-
rogation structure (which may be described in one or more
of U.S. Pat. Nos. 7,417,418, 7,515,268, 7,520,164, 7,579,
823, 8,171,778, 8,329,437, and 8,804,105). When the
optional Coulter orifice is added just downstream of the
droplet fabricator, it is possible to measure the size of the
particle using direct current (DC) and the contents of the
droplet using simultaneous alternating current (AC). It is
also feasible to use just DC or just AC current instead of both
simultaneously.

[0016] An embodiment includes a system that works with
the above described emulsion droplet generating cassette
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that will drive the droplet fabrication with Coulter orifice
feedback to help control droplet size and (in some cases)
single-cell encapsulation efficiency and/or determination.
Control of droplet size, frequency, and efficiency can be
accomplished by varying the applied pneumatic pressure
and/or vacuum to the cassette. This system has the optional
ability to perform the necessary thermal cycling to PRC on
the prepared droplets when desired. This is done by ther-
mally cycling the Retrieval Sample Well (FIG. 1) prior to
removal of the cassette from the system.

[0017] Alternate embodiments may include:

[0018] Instead of using the Coulter orifice for downstream
QC and feedback, it is possible to run the sample through a
flow cytometer immediately after fabrication to determine
approximate droplet size and contents. This may be done
with side-scatter (or forward light collection) and fluores-
cence.

[0019] The cassette could be simplified to have just the
droplet orifice structure with no feedback.

[0020] FIG. 1 illustrates the multi-layer, thin-film cassette
having the high-efficiency droplet fabrication orifice, the
downstream Coulter orifice (for size and content determi-
nation), and the Retrieval Sample Well where optional PCR
can be performed.

[0021] FIG. 2 illustrates a cross-section of the high-effi-
ciency single-cell droplet generating cassette (from FIG. 1)
showing the layers optionally advantageous to perform the
emulsion droplet production and the downstream Coulter
orifice for electric impedance-based particle analysis.
[0022] One of the major challenges in forming droplets
containing single cells, is the inability to control when a
droplet should be formed such that it contains a desired cell.
State of the art technologies use statistical models and cell
concentrations to drive the efficiency of cell/droplets. Cur-
rently available commercial systems claim efficiencies of up
to only 60%, and actual efficiencies can be much lower.
Because the success of downstream single-cell sequencing
operations depends on the success, efficiency, and purity, of
correctly produced single-cell droplets, there is a strong
market need for a highly efficient single-cell droplet gen-
erator that can produce droplets with desired cells (only) on
demand. In addition, there are currently no commercially
available droplet systems with built-in quality control
checks of any kind.

[0023] An embodiment includes the multilayer thin-film
droplet generator discussed above in Disclosure A with the
addition of an epi fluorescence system to detect the presence
of the cells of interest as they approach the droplet gener-
ating orifice. Also added is an electrical actuator (such as a
piezoelectric actuator) capable of creating a transient pres-
sure pulse to selectively force the desired cells through the
droplet generating orifice, thereby only creating droplets
containing cells, and driving efficiency towards 100%.
[0024] Cell/droplet efficiency, as well as purity (i.e., only
desired cells and not debris) is absolutely critical as the
success of downstream DNA sequencing operations relies
heavily on both the percent efficiency and droplet purity. The
best commercially available single-cell droplet systems have
efficiencies approaching only 60%, and actual efficiencies
are typically much lower. FIG. 3 shows the top-view of one
possible configuration for an active single cell droplet gen-
erator. FIG. 4 is a cross-section view of the droplet generator
orifice showing the seven thin film layers. In the preferred
embodiment, the fabricated droplets flow through a down-
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stream Coulter orifice to measure their size (DC current) and
contents (i.e., if a cell is inside) using AC current. The
Coulter data can be used in real-time to adjust the input
variables (pressure transducer timing, input pressures and/or
vacuums, and optional DC voltage across the droplet ori-
fice), thereby manipulating the size of the droplets and the
resulting single-cell efficiency. Such a system will become a
powerful tool in the rapidly growing field of single-cell
genomics.

[0025] FIG. 3 illustrates a top view schematic of an active
single-cell droplet generator. Epi fluorescence illumination
is directed to the droplet generator orifice. When a cell of
interest approaches the droplet generator orifice, the piezo-
electric transducer is activated and the transient pressure
differential forces the cell downward, through the droplet
generator, thereby only producing droplets with the desired
cells.

[0026] FIG. 4 illustrates a cross-section view of the active
single-cell droplet generator from FIG. 3 in a seven-layer
thin-film cassette. The cassette is fabricated with two outer
translucent capping layers, three double-sided pressure sen-
sitive adhesive layers with fluidic channel, and a central
polyester layer. Cells in suspension flow across and over the
droplet orifice and into a waste reservoir. When a cell of
interest approaches the droplet generator orifice, the piezo-
electric transducer is activated and the transient pressure
differential forces the cell downward, through the droplet
generator, thereby only producing droplets with the desired
cells. The resulting single-cell droplets flow into a down-
stream though an optional Coulter orifice where the size can
be measured using direct current and the droplet constituents
(i.e., if a cell is present or not) can be determined using
high-frequency alternating current. Once the droplets pass
the Coulter orifice they flow to a reservoir where they are
re-collected and used for subsequent DNA sequencing.

What is claimed is:

1. A method for analyzing a target nucleic acid, the
method comprising the steps of:

diluting nucleic acid targets and filling pico to femto-liter

sized wells such that they contain a single target nucleic

acid and one or more amplification reagents;
amplifying the target in the individual wells;
distinguishing wells containing amplicon from the target

and amplicon from a variant of the target generated by

polymerase error by using two differently labeled-

hybridization probes, one hybridizing to the target and

one hybridizing to a specific variant of the target; and
analyzing target amplicons.

2. The method according to claim 1, wherein said ampli-
fying step is a polymerase chain reaction and the one or
more amplification reagents includes one or more primer
pairs.

3. The method according to claim 1, wherein said distin-
guishing step comprises scanning a laser across each well
individually.

4. The method according to claim 1, wherein said ana-
lyzing step comprises detecting said amplicons by hybrid-
ization to detectably-labeled probes.

5. The method according to claim 1, wherein said ana-
lyzing step is conducted on amplicon from wells that were
not distinguished in said distinguishing step.

6. The method according to claim 1, wherein said ana-
lyzing step comprises:
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determining a number of wells that contain only wild-type
target;
determining a number of wells that contain only a variant
of the target.
7. The method according to claim 6, wherein presence of
wells containing only said variant is indicative of a disease.
8. The method according to claim 7, wherein the disease
is cancer.
9. The method according to claim 6, wherein the variant
is an allelic variant.
10. The method according to claim 9, wherein the allelic
variant is a single nucleotide polymorphism.
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