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(57) ABSTRACT 

Systems, including apparatus and methods, for performing 
assays. These systems may involve separating sample com­
ponents by partitioning them into droplets or other partitions, 
amplifying or otherwise reacting the components within the 
droplets, detecting the amplified components, or characteris­
tics thereof, and/or analyzing the resulting data, among oth­
ers. 

628 

BIO-RAD EX.1026.001



Patent Application Publication Jul. 8, 2010 Sheet 1 of 65 US 2010/0173394 Al 

Fig. 1 ~500 

SAMPLE 
PREPARATION 

~ , /504 

DROPLET 
GENERATION 

., , /506 

REACTION 

, , r508 

DETECTION . 

~, /510 

DATA 
ANALYSIS 

BIO-RAD EX.1026.002



P
atent A

pplication P
ublication 

M
 

th 
iC 

co 

o
_

j' 
.,.... 
<O

 

Jul. 8, 2010 
S

heet 2 of 65 

I I I 

N
 

N
 

co 

U
S 2010/0173394 A

l 

BIO-RAD EX.1026.003



Fig 3A 610 61.--2 ...l.,__ _____________ ---, 
• \t. 614---. 

CARTRIDGE INSTRUMENT 

SAMPLE PREP - -1 ► AMPLIFICATION ~ DETECTION ~ DATA ANALYSIS 

C: 

............... 
I fig. 3Br············· POWER SUPPLY ••••••••••••• EXTERNAL COMM 642 n j 

j AND CONDITIONING 644 - j I 
I 
I 
I 
I 

610 
'--. 
612 

'--. 

61a----.I 

634"' I 

REAGENT 
CARTRID· 

GES 

I I 

I I 

INSTRUMENT FLUIDICS 
CONTROLLER AND INJECTOR 

640 SYSTEM 
638 WASTE 

636 620 

SAMPLE DROPLET 
CARTRIDGE THERMAL 

FLUIDICS CYCLER I 

DETECTOR nCONTROL 
ELECT· 
RONICS 

I 
622 

626 
624 

616 I USER INTERFACE I I 
........................ 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' 

~CIO 

N 
0 .... 
0 

rJJ =­('D 
('D ..... 
~ 

0 .... 
O'I 
Ul 

c 
rJJ 
N 
0 .... 
0 

---0 .... 
-....J 
~ 
~ 
1,0 
.i;... 

> .... 

BIO-RAD EX.1026.004



P
atent A

pplication P
ublication 

Jul. 8, 2010 
S

heet 4 of 65 
U

S 2010/0173394 A
l 

( 
0 L

C
) 

<O
 

BIO-RAD EX.1026.005



Fig. 5 
682 

LOAD 
SAMPLE 

Fig. 6 
702 

684 

PROCESS 
SAMPLE 

686 688 
,-----------, 

GENERATE LOAD 
DROPLETS DROPLETS 

704 

STORE 
DROPLETS 

706 

692 
REACT 

DROPLETS 
(FLOW/STATIC) 

690 

708 

694 
DETECT 

DROPLETS 
(FLOW/STATIC) 

¥660 

696 

ANALYZE 
DATA 

f700 
710 !'712 

SAMPLE H DROPLET H DROPLET H REACTION SITE 
PROCESSOR GENERATOR TRANSPORTER (FLOW/STATIC) 

DETECTOR 
(FLOW/STATIC) CONTROLLER 

I i I I I 
I I I I I 
I I I I I I 
I• ■•■■■■■■■■■■■■■■■■■■■■■.-.■■■■■■■■■•■■••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••.,_•••• ■■■••••••■■■■■■■■■■■■■■ ■ I 

Fig. 7 
722 ,--------------------------, 

, C , I 7~6 75,_, 9___,798 7?0 OIL I 
--.,.-. --->.::--~ ~ 772 A. 74 A. 6 A 

~---.--~ 736-': 730 (i734 1 r' 748 1 r' 750 -,J 746 770 7 -, • 764 77 -,J 766 

DROPLET 754! 1 DROPLET DROPLET THERMAL OIL 
ENERATOR ·g~ PICK UP, , LOADER CYCLER DETE9TOR RECOVERY 

724 ,---, 726 • ~-- • • i' 775 ,-753 '
1 

740 :t: 732 ~ : 752 t ~ .............. .-,; .. : ..... .1. ............... : 762 
-.-... 4 

¥720 

REAGENT I 11 I 742_/ '-/lJ. ,.,_...,' ... 

I 

i 

738 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' 

~CIO 

N 
0 .... 
0 

rJJ =­('D 
('D ..... 
Ul 
0 .... 
O'I 
Ul 

c 
rJJ 
N 
0 .... 
0 

---0 .... 
-....J 
~ 
~ 
1,0 
.i;... 

> .... 

BIO-RAD EX.1026.006



Patent Application Publication Jul. 8, 2010 Sheet 6 of 65 US 2010/0173394 Al 

Fig. 8 ¥810 
818 

812 814 816 TRANSPORT 
GENERATE STORE CONCENTRATE DROPLETS 

TO DROPLETS DROPLETS DROPLETS REACTION 
SITE 

822 820 

DETECT REACT 
DROPLETS 

Fig. 9 ¥830 

,.--832 TRANSFER ,.--836 ,.--838 
,.--834 

SELECT DROPLETS HOLD - LOAD 
RESERVOIR - FROM - DROPLETS - DROPLETS 

RESERVOIR 

Fig. 10 ,,--862 ¥850 

;·---------- CONTROLLER -------------,-----------------------.--------------------. : : : 
' ' ' ! 852 ,__ __ :r--8-54~ ! 856 !858 ! 860 
' ' ' 

DROPLET 
GENERATOR 

Fig. 11 

850~ 

85~ 
86~ 

890 

DROPLET DROPLET REACTION 
RESERVOIR TRANSPORTER SITE DETECTOR 

892 

HEATER 

885 

,~1•~ REACTION 
SITE 

887 

I CONTROLLER I 

BIO-RAD EX.1026.007



Patent Application Publication Jul. 8, 2010 Sheet 7 of 65 US 2010/0173394 Al 

Fig. 12 
85~ 

910 
'--.. 

924 

926 

OIL ...J.)("""922 

SAMPLE 
+ 

REAGENT 

928 

912 

, 

DROPLET 
GENERATOR 

t 

914 

930 _.P""l!:::::========' 

Fig. 13 
85~ 

940 
~ 

958 

PRESSURE 
SOURCE 

950 

DETECTOR 

i 920 

WASTE/ 
COLLECTION 

DETECTOR 

956 

952 
✓ 

962 

BIO-RAD EX.1026.008



Patent Application Publication 

Fig. 14 
850 
~ 
970 974 
~ ~ 

990 

Fig. 15 
1034 1036 1054 1056 
~ ,' / 

' 
AUTOSAMPLER 

Jul. 8, 2010 Sheet 8 of 65 

1040 

REACTION 
SITE 

1058 

.,,---976 

1042 

DETECTOR 

US 2010/0173394 Al 

1044 

WASTE/ 
COLLECTION 

'1030 

'aso 

BIO-RAD EX.1026.009



Patent Application Publication Jul. 8, 2010 Sheet 9 of 65 

Fig. 16 
1036 

1030 1072 \.. 
~74~-~--..,,.,._..-___ ,,....--_____ ---r,3 ► 

~~~~ 1 (1060} 

PACKET 2 (1062) 

1058 

-.,, 

-
WELL3 WELL2 WELL1 

PACKET 3 (1064) 

US 2010/0173394 Al 

,r-1046 
1078 

WELLX 

BIO-RAD EX.1026.010



P
atent A

pplication P
ublication 

• • 
co 

• 
..-
..-
..-I 

/ 
r·-'-~ 
. 

I 
i 

: 
: a::! 
!w

i 
!~

i 
!:::c::i 
i 

: 
. 

I 
L...l 

• • 
N

 
• 

0 ..-
..-

co 
..-
..-
..-\.,. 

r· ... ~ 
. 

I 
i 

: 
: a::! 
!w

i 
! !cc i 

• 
·w

· 
!:::c::i 

• 
i 

: 
• 

: 
! 

L
 .. j 

C
)
 

N
 

..-..-

0 (
"
)
 

..-..-...J 

..- 0 

0
0

 
..-
..-
..-

g ..­
..-

co 
N

 
..-
..-

Jul. 8, 2010 
S

heet 10 of 65 

<
D

 
C

'\I 
..-
..-a:: 

w
 

~ :::c:: 

• • • 

<
O

 
C

)
 

• • • 

..-

"V
 

..-
..-
..-

U
S 2010/0173394 A

l 

..­
..-

...J 

0 

N
 

N
 

..­..-

~
 

..­
..-

BIO-RAD EX.1026.011



Patent Application Publication 

Fig. 18 

850 
~ 
11~ 

Jul. 8, 2010 Sheet 11 of 65 US 2010/0173394 Al 

1182 

WASTE 

1168 

HEATER 

1164 

1166 

r-=1180 

OIL 

BIO-RAD EX.1026.012



Fig. 19 /1190 
A192 

MIX SAMPLE + REAGENT I 
-1194 

GENERATE EMULSION I 
I 

1196 

THERMALLY CYCLE STATIC EMULSION 

DETECT 

Fig. 20 /1200 

CREATE ASSAY MIXTURES 

GENERATE EMULSIONS 

THERMALLY CYCLE ARRAY 
OF EMULSIONS 

DETECT 

-1198 

7 

1202 

-1204 

-1206 

-1208 

Fig. 21 /1210 
,,.-1212 

DROPLET GENERATOR ARRAY 

1214 

EMULSION HOLDER 

,,.-1216 

BATCH THERMAL CYCLER 

1218 

DETECTOR 

Fig. 22 

""O 
~ ..... 
('D = ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' 

~CIO 

N 
0 .... 
0 

rJJ 
=­('D 
('D ..... .... 
N 
0 .... 
O'I 
Ul 

c 
rJJ 
N 
0 .... 
0 

---0 .... 
--.J 
~ 
~ 
1,0 
.i;... 

> .... 

BIO-RAD EX.1026.013



Patent Application Publication Jul. 8, 2010 Sheet 13 of 65 US 2010/0173394 Al 

Fig. 23 
1220-----.... 

Fig. 24 

1220 
\-... 1224 

1222 
L.t... 

1226 

1224 

1234 

1222 

1234 

Fig. 25 1248 1250 
.--------'----. 

PRESSURE PRESSURE 
SOURCE SOURCE 

1234~ 

1238----.. 

1225-.-,..__,. 
,.r,f'"')----11',n/ 

.:-... .:1230 

1228 

1224 

1220~ ~~~~~~~~~~~w~~~~~~ 1240 

1230 1230 1230 1230 1242 

BIO-RAD EX.1026.014



Patent Application Publication 

Fig. 27 
1270~ 

Fig. 28 

29 

Jul. 8, 2010 Sheet 14 of 65 US 2010/0173394 Al 

1284 

8 
72~ 

.x-1270 

.¥1272 

1278 
' \ 

' ...... ::::----~_:;:: .... 
~ffOC~ • • 4• 

BIO-RAD EX.1026.015



Patent Application Publication 

Fig.29 

Fig. 30 
1310~ 1312 

1314 

1316 
31 

~ 

Jul. 8, 2010 Sheet 15 of 65 

1302 
1300 

Fig. 31 

1316 
I , ___ ,_ 

,,- ... ,­
#~ ,"\:_,,. 

.. 
--#:," ----

IMAGER 

US 2010/0173394 Al 

f1270 

"1310 

~1312 32 

BIO-RAD EX.1026.016



Patent Application Publication 

Fig. 32 

1316 

1320 

Fig. 33 
1360 

'-----.. 1 364 

' 
' 

Fig.34 
1366 

Jul. 8, 2010 Sheet 16 of 65 US 2010/0173394 Al 

..,.--1310 
_.,.--1312 

13~4 1318 

1326 

IMAGER 

BIO-RAD EX.1026.017



Patent Application Publication Jul. 8, 2010 Sheet 17 of 65 US 2010/0173394 Al 

Fig.35 36 

Fig.36 

1402 ,r-1380 

~1382 

BIO-RAD EX.1026.018



Patent Application Publication 

Fig. 37 
1420__,,.. ~ 

1426 ~ 

.... .... 

Fig. 38 
1438 

'--.. .----------, 

AUTOSAMPLER 

Jul. 8, 2010 Sheet 18 of 65 US 2010/0173394 Al 

!·, 
I ..._ ..._ 

I ' ~1410 

.... .... .... .... .... 

1436 1446 

INJECTION......_.........c 
VALVE 

IMAGER 

"C.1442 

WASTE/ 
COLLECTION 

"fr;_1430 

BIO-RAD EX.1026.019



Patent Application Publication 

Fig. 39 

AUTOSAMPLER 

Jul. 8, 2010 Sheet 19 of 65 

1454 

. . 
* IMAGER 

US 2010/0173394 Al 

WASTE/ 
COLLECTION 

""---1450 

BIO-RAD EX.1026.020



P
atent A

pplication P
ublication 

Jul. 8, 2010 
S

heet 20 of 65 

z 
0 

_
o

 
<

O
 

w
-

....... 
1--

1--
7 

C
l
)
~

 

~
 ::J 
0 (..) 

N
 

,._ 
....... 

0 
~
 

,._ 
z 

0:::: 
....... 

0 
:!: 

0 
~
 

I
-

0 
1--

(..) 
0 

(..) 
w

 z 
w

 
I
-

:!: 
I
-

w
 

w
 

0 
.. _ 

0 
I 

' 
I 

' 

0 
~
 • 

t::1) 
~

.J' 
iC

 
....... 
...-

0:::: 
:!: w

 
0

~
 

....J 
(..) 

L
L

O
 

L
L

 

c:::: 
w

 
....J 
a. 
~
 

<
( 

en 
0 I
-

:::::, 
<

( 

\ 
....... 

,_co 
....... 
...-

>-
>< 

N
:st 

U
S 2010/0173394 A

l 

....... 
,._ 
....... 
~
 

✓
 ...-

BIO-RAD EX.1026.021



Patent Application Publication Jul. 8, 2010 Sheet 21 of 65 US 2010/0173394 Al 

Fig. 41 f1600 
1602 

COLLECT SAMPLE 

1604 

EXTRACT SAMPLE 

TRANSFER SAMPLE TO DISPOSABLE CARTRIDGE 

1608 

Fig.42 

1708 

,A 
1700 

PURIFY SAMPLE 

1610 

LYSE SAMPLE 

1612 

CONCENTRATE SAMPLE 

1614 

ADD REAGENT MIXTURE 

1616 

GENERATE DROPLETS 

1618 

TRANSFER DROPLETS TO INSTRUMENT 

1704 1702 

1706 

1710a 
1711a 

I , 
--'--­
' ' 

1710b 
1711b 

I , 
,-'---· 
' ' 

1714 

I 
TO OTHER ...................... 1 

REAGENT CHAMBERS 'l__1712 1 

BIO-RAD EX.1026.022



Patent Application Publication Jul. 8, 2010 Sheet 22 of 65 US 2010/0173394 Al 

1740d 1740e 

Fig. 4-3-~..._ __ __..,. ..... ---....,, nt:::::---=;::r.1~~

1 

~==;~;":::;:;:1-... 2e 

1720 
'-.. 

Fig. 44 
1720 

1736 1738 
( n----'----,---n ......------"-

17221 
I-

1724 

1 

1730 

1746c 

6e 

e 

BIO-RAD EX.1026.023



Patent Application Publication Jul. 8, 2010 Sheet 23 of 65 US 2010/0173394 Al 

Fig. 45 
1726 

Fig. 46 
1760'a.. 1766 

1762 1764 

1766 

c177o 

Fig. 48A 

1800_/ 

1746b 1746d 
46e 

1766 

--- ----- --

1764 

1768 

c1770 

1766 

BIO-RAD EX.1026.024



Patent Application Publication 

Fig. 47 

1782 
1780 

\... 

1782 

Fig. 48B 

Jul. 8, 2010 Sheet 24 of 65 US 2010/0173394 Al 

1787 
~1784 

1792 

c1790 

1792 
1794 

1790 

1788~ 
r1790 

1786 

1794 

1784 1786 

Fig. 48C 

1792 

~1787 
1794 

1790 

1792 

1790 

£1800 

BIO-RAD EX.1026.025



Patent Application Publication Jul. 8, 2010 Sheet 25 of 65 US 2010/0173394 Al 

Fig.48D 
1852 

1856_)"' 

1850~ 

Fig. 48F 
1880 

\... 

1882 

1888_)"' 

Fig. 49 

1908 1904 

1858 

1854 Fig. 4BE 

1884 

1890 

1886 

1902 

1906 

1860~ 

1911a 
1911a 

I , 
i-"---i . . 

1911b 
1911b 

} 

·-"'----· : . 

TO OTHER 
REAGENT CHAMBERS 

1870 

1864 

I 
I 
I 
I L 

~ 

(' I 
1916b 1 

--------------· I 
~1912 

1900' v 

BIO-RAD EX.1026.026



Fig.SO 
2000 
~ 

2009 2008 2004 

L 

~ 
2010a 

2011a 

I 
I 
I 

............. 

2002 2012a 2018a 1 
r········· 

I , 
····"········ I I 
I I 
I I 

2010b 
2011b 

I , 
•.... .1 ....... , 
I I 
I I 
I I 

........... ', I 
: \ I 
I \ 

: I I 
:••••••••••••l ••••••• 
I : I 

I 

\

lj' I I 
I I 

~--·i······-r·1·····\·· 
2022a : / 1 2024a 

:2020a1 
: I 

2022b !20J8b12024b 

( 
.... .:. .. , ..... ! ..... \ ..... 
: : I 

\I/ I 

I 
,· I I 

2012b ! L.+···7·-r············ 
I 
I I , I TO OTHER :.. ......... : / 

REAGENT CHAMBERS _j 2020b 1 

2014 

r··· 

2016' 

2026' 

2000' 
✓ 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' 

~CIO 

N 
0 .... 
0 

rJJ =­('D 
('D ..... 
N 
O'I 
0 .... 
O'I 
Ul 

c 
rJJ 
N 
0 .... 
0 

---0 .... 
-....J 
~ 
~ 
1,0 
.i;... 

> .... 

BIO-RAD EX.1026.027



Patent Application Publication Jul. 8, 2010 Sheet 27 of 65 US 2010/0173394 Al 

Fig. 51 
2100' ,; 

2104 

2100 
\.._ 

I L 
I ,' 
1-" 

................. , .................................... 1 ...................... -- l 
r················l:.~~~?~~ .................... ~ ...................... 82120' · 

i I ',-2122a : 
·-2114 j i I 

• ~~ .. :::::::::::::~:::::::::::::::::::::::::::::::~:::::::::::::: 2112' 
! '---2124 E 2118a'--i·-··-··-··T·-··-··-··-·· --
i 1 ' r-··-··7··-··-··-··-·· 
i ~--- i ~---~ ! 12118b1 ,-2142aL...-_ __, 

: : ! : / I : ,--------
L. 2102 '•• -~-~2.~-~ . ..i t•'· : ! : r----- 2140' 

i I 2110a ! i I I J----------8 

: : !213oa• i i ------=~~~--.:=c~:::::::r..... : .------L •••• : : 
2116 ! ' I : 

Fig.53 

2152 

2150 
\.._ 

2110b 
2111b 

,' ---"'----· . . : . 
2126b 

TO OTHER 
REAGENT PUMPS 

jt' L-----1-----) 
:~ I ' 

··-J2132a, 2144a 

2130b:2112b: 
2134' .J 

=-----i---~-----J 

I'=-----~--,----------
2132b 1 ''-2144b 

BIO-RAD EX.1026.028



P
atent A

pplication P
ublication 

Jul. 8, 2010 
S

heet 28 of 65 
U

S 2010/0173394 A
l 

c.o 
r-...... 
N

 N
 

I() . t:::1) 

iC
 

.._,.. 
r-..... N

 ..... 
N

 

0
0

 
c.o 
..... 
N

 

c.o 
r-..... 
N

 

~
 '-""--------~

2
J
...ll 

~--~~;:::i:;;;::~~PJ~l:-;,r:v-'='£::.~=====L.! 

~
 
-.......C

.--"T
T

-r-r-,n
:'."'-7

 

~
---;-~

~
~

~
~

~
~

~
----··--·-··,. 

..... 
N

 

...... 
N

 

BIO-RAD EX.1026.029



Patent Application Publication 

Fig. 54 
2200 

\.. 

~ 

2202 

2204 

Fig. 56 

Fig.57 

2250__,Jf 

Jul. 8, 2010 Sheet 29 of 65 

2216 

2224
2

~
22 

US 2010/0173394 Al 

2210 
~ 

Fig. 55 

BIO-RAD EX.1026.030



Patent Application Publication 

Fig. 58 

2284 

Fig. 59 

2300 
\... 

Jul. 8, 2010 Sheet 30 of 65 US 2010/0173394 Al 

2288 

2312 

~2280 

2302 
.-,I 

BIO-RAD EX.1026.031



Patent Application Publication Jul. 8, 2010 Sheet 31 of 65 US 2010/0173394 Al 

Fig. 61 
Fig. 62 

2340 
\.. 

Fig.63 
2380 

2382 
\.. 

~ 

2396 

Fig. 64 

2400 
~ 

BIO-RAD EX.1026.032



Patent Application Publication Jul. 8, 2010 Sheet 32 of 65 US 2010/0173394 Al 

Fig.65 Fig.66 lf2450 

2442 2432 

2424 ~-:l'.~==-=-=-=-=---=-=--=-=·-:.=-=-=-=-=-= 

Fig. 67 .r-2480 

BIO-RAD EX.1026.033



Patent Application Publication 

Fig. 68 

2520 
\... 

Fig. 69 

2560 
\i. 

n=1 

2580 
\i. 

Jul. 8, 2010 Sheet 33 of 65 US 2010/0173394 Al 

2542 

2622 

n=2 n=3 n-+OO 

BIO-RAD EX.1026.034



Patent Application Publication 

Fig. 70 

2646 

2652 

Fig. 71 

2676 

2678 
2680 

Jul. 8, 2010 Sheet 34 of 65 

----------------------

2648 

2492 

2650 

US 2010/0173394 Al 

¥2640 

2642 

¥2670 2672 

BIO-RAD EX.1026.035



Patent Application Publication Jul. 8, 2010 Sheet 35 of 65 US 2010/0173394 Al 

Fig.72 ~3100 
1 3108 

PROVIDING A HOT-START TEMPERATURE TO A FLUID 

+ /3102 

PROVIDING A DENATURING TEMPERATURE TO A FLUID 

+ 1 3104 

PROVIDING A PRIMER ANNEALING TEMPERATURE TO A FLUID 

i /3106 

PROVIDING A POLYMERASE EXTENSION 
TEMPERATURE TO THE FLUID 

BIO-RAD EX.1026.036



P
atent A

pplication P
ublication 

Jul. 8, 2010 
S

heet 36 of 65 
U

S 2010/0173394 A
l 

BIO-RAD EX.1026.037



Patent Application Publication Jul. 8, 2010 Sheet 37 of 65 US 2010/0173394 Al 

Fig. 74 3202 

Fig. 75 

04 
8 3226 

218 _r-;:_3224 

mA 1/JJ 

BIO-RAD EX.1026.038



Patent Application Publication Jul. 8, 2010 Sheet 38 of 65 US 2010/0173394 Al 

Fig. 76 

3210' 

Fig. 77 

3206 

BIO-RAD EX.1026.039



Patent Application Publication Jul. 8, 2010 Sheet 39 of 65 US 2010/0173394 Al 

Fig. 78 
3238 

~1=~--~,lANNEAL 

Fig. 79 

3240 
3246 

BIO-RAD EX.1026.040



Patent Application Publication Jul. 8, 2010 Sheet 40 of 65 US 2010/0173394 Al 

Fig.BO 
95....------------------------, 

90- .... 

-c., 80- .... 
0 -

AVERAGE 
FLUID 

VELOCITY 
··············0 
--0.005 
--0.01 
--0.015 
-··-.. -··- 0. 02 

55-+-----~·f------+-,-----+-----~ 
0.02 0.03 0.04 0.05 0.06 

ARC-LENGTH (RADIANS) 

BIO-RAD EX.1026.041



Patent Application Publication 

Fig. 81 

Jul. 8, 2010 Sheet 41 of 65 US 2010/0173394 Al 

.r-3200' 

3258 
_,I 

3262 
_,I 

BIO-RAD EX.1026.042



Patent Application Publication 

Fig. 82 

Fig. 83 
3254Q 

MELT 

3206g 

Jul. 8, 2010 Sheet 42 of 65 US 2010/0173394 Al 

3256g 
3208g 

EXTEND 

~3200Q 

3256Q----..______ 

3218Q EXTEND 

------- ------ .., __ __ 

3276 ........,......,....... .......... ....,,......,......,_.,.............,.. 

3280 
. . . . 

BIO-RAD EX.1026.043



Patent Application Publication Jul. 8, 2010 Sheet 43 of 65 US 2010/0173394 Al 

Fig. 84 3254!! 
~3200c 

3256!! - 3256~ 
(-3218~ EXTEND 

3256g f 32009 3256g 

298 

3256_g_ f 3200_g_ 3256_g_ 
3218d EXTEND 

BIO-RAD EX.1026.044



Patent Application Publication Jul. 8, 2010 Sheet 44 of 65 US 2010/0173394 Al 

Fig. 87 /3200f 
3254f 3256f 

Fig. 88 
3254g 3256g 

f-3218g EXTEND 

BIO-RAD EX.1026.045



Patent Application Publication Jul. 8, 2010 Sheet 45 of 65 US 2010/0173394 Al 

Fi .89 g 3254b. 

3354 

BIO-RAD EX.1026.046



Patent Application Publication Jul. 8, 2010 Sheet 46 of 65 US 2010/0173394 Al 

Fig.90 
3400 

"" 

l! 

3412 

~3406 

3426___.;>f 

BIO-RAD EX.1026.047



Patent Application Publication Jul. 8, 2010 Sheet 47 of 65 US 2010/0173394 Al 

Fig. 91 
3452 

3454 3456 
~----, 

3450 
\... 

3458 

Fig. 92 
3500 

\.. 
, 

3510 ---i:;:::, ._ 

---p 
c;;.. 

-

--ouT 

}3518 

< ---p ._ 

---p 
c;;.. 3508 ---p ._ 

}3516 

3504 ~ ._ ---3520 ---p --
3506 --- :::> ._ 

--- :::> ._ 3514 

--- :::> ._ 

..... . 
3502 ---:::> ._ --- :::> ._ 

IN -

BIO-RAD EX.1026.048



Patent Application Publication 

Fig. 93 
4200 
~ 

Fig. 94 
4 

3 -

-
~30 

Jul. 8, 2010 Sheet 48 of 65 

4219a 
4216 

4206 

US 2010/0173394 Al 

I-FLUORESCENCE! 

534 

4230 
4

~·
32

4236 
--------- ---------------- -------- - -- -------------------- ------------- ----------·------- ---"------------ ·--------

1 -

0 I -' I -' . _, ·' ' 6 8 10 12 14 16 18 20 
TIME(S) 

BIO-RAD EX.1026.049



Patent Application Publication Jul. 8, 2010 Sheet 49 of 65 US 2010/0173394 Al 

Fig. 95 

4250 
\... 

--~ 
4256 

po'p-600003 

4260 [) '-4264 

4254 

Fig.96 
4270 

\.. 

4272 

Fig. 97 

4306 

4316 

4302 

4276 

4286 

□.}O 4288 

: : fo op Or~ 0 0 0 03 

i i 4280 fl ~4284 
I I a ■ 
I I II 
I I II 
I I II 

ii c= ii :=> 

: : --------------------------------------7)?-·-i ! ------------------------------------------ ~ 4274 

BIO-RAD EX.1026.050



Patent Application Publication Jul. 8, 2010 Sheet 50 of 65 US 2010/0173394 Al 

Fig. 98 
4320 

'---.. 

4326 I 

4334 

4332 

____..o 0000____.. 
--b~-, 

4324 

4330 

4328 

4322 

Fig. 99A 4340 
./ 

Fig. 99B 

4370 

~ 
(5t-4362' 

o~ 

~, 4372 

4368 

0 

0 
.. c4346 .. 

4354___,J 

0 
4352 

BIO-RAD EX.1026.051



Patent Application Publication Jul. 8, 2010 Sheet 51 of 65 US 2010/0173394 Al 

Fig. 100 

5?~~ 4400 
"-. ~ ~ ~ 

4420 
4422 

l 1#'

1 l ##,- l ,,,' 

,; ~o✓-~·ooooj-;;·oooo{'::o+ 
! ! 4414-----" n 4416-----" n 441 a-----",: 
I ■ 11 11 I ■ 
I I a1 11 11 
I I 11 11 I ■ 
I I ■■ 11 1 ■ 
I I 11 11 I ■ 
I I 11 11 I I 

:! c::: n > < n > c::::: ii>} I I I I I I I I 

,, ~- ~- ~-
I I I I I I I I 

~--------------------------..... - ---------------~ -- ---------------J 
4406 ---------------------------~~0-~-------------- 4~ ~~--------------4412 4404 

4402 

Fig. 101 
4450 

'-.. 

0 0 

BIO-RAD EX.1026.052



Fig. 102 m 4480 
~ 

448~L2 

44~i 
I • 

~~~ 4486 ? 
4490 4486 4488 

4496 - - - . -- -
4494 

14500 f ···········;· ~o, ::::.::·········~I 4502 I 
4498 r,. •••••• 

Fig. 103 
512 

4510 
~ 

4520-1 18u~4s20 

o? '-f\'-'n I. l"---4514 
451a111 oO 

Ro><WJ 
4522 

t 4516 

EJ
-····· ·······-~o:.:::······· ·······~ I 4526 I ... 

·• . .. 0 ... 

t 
0 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' 

~CIO 

N 
0 .... 
0 

rJJ =­('D 
('D ..... 
Ul 
N 
0 .... 
O'I 
Ul 

c 
rJJ 
N 
0 .... 
0 

---0 .... 
-....J 
~ 
~ 
1,0 
.i;... 

> .... 

BIO-RAD EX.1026.053



Patent Application Publication Jul. 8, 2010 Sheet 53 of 65 US 2010/0173394 Al 

Fig. 104 
4540 

4542 4544 

Fig. 105 

~ 0 
080 

.;}-82 

~~o -----
0 

~4574 457 

I ~•O _L~4572 e500000®,/_,,_.45a 
4562 4564 0 o0 o@o®o.ro o0 o 0 oooogo _,,_.45a 

i' - . 0 0 0000· 0 
4566 _,, 0000®0 , . 

-@ - _/ 

560~ 
. / 

/ . 4 
4578 / . 

/ . 
~\'I 

/ ,· 

0 

8 

0 

BIO-RAD EX.1026.054



Patent Application Publication Jul. 8, 2010 Sheet 54 of 65 US 2010/0173394 Al 

Fig. 106 /4600 

1 4602 

SEPARATE DROPLETS BY A DESIRED DISTANCE 

i r4604 

TRANSFER DROPLETS TO INTERSECTION REGION 

! r4sos 

IRRADIATE DROPLETS 

! 1 4608 

DETECT SCATTERED RADIATION 

! r4610 

DETECT FLUORESCENCE 

! 1 4s12 

EXTRACT TARGET INFORMATION 

BIO-RAD EX.1026.055



Patent Application Publication Jul. 8, 2010 Sheet 55 of 65 US 2010/0173394 Al 

Fig. 107 
CHOOSE A DESIRED CONFIDENCE CONDITION 

GENERATE SAMPLE-CONTAINING DROPLETS 

AMPLIFY TARGET MOLECULES WITHIN DROPLETS 

COLLECT DATA FROM DROPLETS 

ESTIMATE A MEASURE OF TARGET 
MOLECULE CONCENTRATION FROM DATA 

DETERMINE A CONFIDENCE CONDITION FOR 
THE ESTIMATED MEASURE OF CONCENTRATION 

COMPARE DETERMINED CONFIDENCE CONDITION 
WITH DESIRED CONFIDENCE CONDITION 

YES 

4802 

4804 

4806 

4808 

4810 

4812 

4814 

4822 

4818 
ACCEPT ESTIMATED MEASURE OF 

TARGET MOLECULE CONCENTRATION 

ADJUST DROPLET 
PARAMETER(S) 

END 

BIO-RAD EX.1026.056



Patent Application Publication Jul. 8, 2010 Sheet 56 of 65 US 2010/0173394 Al 

Fig. 108 
3001-r-----------------~==============.~ 

250 

l-
2 200 ::::> 
0 
(..) 

1-150 w 
_J 
a.. 
~100 
0 

50 

--MEASURED 
HISTOGRAM 

01------~--:!l,,.a~'---~.----~--~.---.::........::~---"'4 
200 300 400 500 600 700 800 900 

MEASURE OF INTENSITY 

Fig. 109 
3001

~--------------------------, 

250 

1-
2 200 ::::> 
0 
(..) 

1-150 w 
_J 

a.. 
~100 
0 

50 

If 
; f 

l J 
.••• _/ l 

-MEASURED 
HISTOGRAM 

-··- FIT ORDER 2 
······FIT ORDER4 
---- FIT ORDER 7 

04--...E.~.._ _ _,~tE::::__~----.------,--~~~---1 
200 300 400 500 600 700 800 900 

MEASURE OF INTENSITY 

BIO-RAD EX.1026.057



Patent Application Publication Jul. 8, 2010 Sheet 57 of 65 US 2010/0173394 Al 

Fig. 110 
0.025.......-------------:::.=====~~~-=--=--=--=----_-_-___,,--. 

10 LMS RESIDUALS I 
0.020 

en 
...J 
-d:'. 5 0.015 

en 
w 
Q:'. 
en 0.010 
~ 
...J 

0.005 

Fig. 111 

GENERATE SAMPLE-CONTAINING DROPLETS 

+ 
AMPLIFY TARGET MOLECULES WITHIN DROPLETS 

+ 
COLLECT DATA FROM DROPLETS 

+ 
DETERMINE THE ACTUAL FRACTION OF 

TARGET-CONTAINING DROPLETS FROM DATA 

+ 

,r4902 

,,-·"4904 

,,--4906 

,r4908 

,r4910 

DETERMINE THEORETICAL FRACTION OF TARGET-CONTAINING 
DROPLETS AS A FUNCTION OF TARGET CONCENTRATION 

+ ,r4912 

ESTIMATE TARGET CONCENTRATION BY MINIMIZING A MEASURE 
OF THE DIFFERENCE BETWEEN THE THEORETICAL FRACTION 

AND THE FRACTION DETERMINED FROM THE DATA 

BIO-RAD EX.1026.058



Patent Application Publication Jul. 8, 2010 Sheet 58 of 65 US 2010/0173394 Al 

Fig. 112 

5712-"'---
• • • 

5713-i\ 
t::'.::~==::::=::::==:::::==:'.::=:::==::::=::::'.:::=:::::==::::=== 

Fig. 113 

5720 
'---. 

Fig. 114 
5756 

SAMPLE 

5758 
TEST 

REAGENTS 

5760 
CONTROL 

REAGENTS 

5762 
CALIBRATION 

REAGENTS 

>­u z 
w 
::> 
0 w 
c::: 
LL 

5740~ 

£5742 

TIME 

5744 

DROPLET 
GENERATOR 

: ~-TH RES HOLD 

f' 
f''-5714 

5724! 

~1 

SIGNAL 

5754 £5750 
.-----~~---, 

FEEDBACK 
AND CONTROL 

5746 

THERMAL 
CYCLER 

5748 .----~~__, 

DETECTOR 

5764 5766 

5752 
DATA 

s75o~ ANALYZER 

BIO-RAD EX.1026.059



Patent Application Publication Jul. 8, 2010 Sheet 59 of 65 US 2010/0173394 Al 

Fig. 115 ,.--5755 /5742 /5740 

SAMPLE 

5758--.. r5782 
TARGET REAGENTS -
5784---(DYE 1) ~ 

5760--.. ,-5786 

DYE2 

Fig. 1 1 6 5788 

5758 CHANNiL_ 1 

/5780 

.,--5744 

DG --

.,--5746 .,--5 

TC - DET 

r5790 
CHANNEL2 

"4 £5784 ,,...-5798 
57~2 DYE 1~ •QUENCHER 

PROBE: ~5796 

DY72~ ~5760 

5786 ~ 

5794~ 

PRIMERS: 

~5792 

----- FORWARD 
-----REVERSE 

Fig. 117 

-...... 
....J ....J 
<(W 
zZ 
C)Z 
-<( 
en :r: 

(.) -
-N 

2 FALSE 
POSITIVES ,r-5810 

____ __, ,,-5714 
-- ----------------------- _L THRESHOLD 

"" 
➔5814 ii 

Cu 

TIME T ;~ 
r5812 c:: = 

5800 

rsa16 

0 FALSE 
POSITIVES 

748 

....J ....J 
<(W 
zZ 
C)Z 
-<( 
en :r: 

~=2 
£ t::::::=::==:::::::::::==:~====== 

TIME 

~ 

TIME 

BIO-RAD EX.1026.060



Patent Application Publication Jul. 8, 2010 Sheet 60 of 65 US 2010/0173394 Al 

Fig. 118 5756 

SAMPLE 

.r---5744 
f5740 

f5830 

5782 ~5758 

TARGET REAGENTS 
(DYE 1) DG 

.r---5748 

---- DET 

.r---5746 

TC 

5786 ~5760 

.-~-D-Y--1-0~~YE 2 

5784 

Fig. 119 
5850 
~ 

,--5852 
CALIBRATION 

~ 

. . . . . :-- ... 

!5834 

,--5854 
TEST 

5836 

<""5858 v5862....,____ 
;;/_ 58~ 0 5856 

5
,

64 
,,-5714 

a ---- - - -- ------------·-\···c ..._--- ------------- ____ J _________ _ 

en 

TIME 

Fig. 120 
5882M------------, 5880

~ 5884~AMPLIFICATION TEST (DYE 1) I 
5888----::.._ t...===DYE 1 ONLY . 

RAN~E ,--5892 _j 

5886 FALSE ~ 5898 
POSITIVES 5894 e> ,r 

_j 5890 \, ~ en - 5896 
<C ~ TRANSFORM @ ~ ,r z --- ---- ____ ,, .... - --- - --- - t, N W -------- --------------------------
C)cn '-5714 ::ii-

TIME 

<(-

~ 
0::: 
0 z 

TIME 

BIO-RAD EX.1026.061



Patent Application Publication Jul. 8, 2010 Sheet 61 of 65 US 2010/0173394 Al 

Fig. 121 15756 

SAMPLE 

15758 

TEST 
AMPLIFICATION 

REAGENTS 
5760~ 15912 

CONTROL 
AMPLIFICATION 

REAGENTS 
15914 

CONTROL 
TEMPLATE 

Fig. 122 /5756 

SAMPLE 

/5758 

TEST 
AMPLIFICATION 

REAGENTS 
5760~ /5922 

CONTROL 
AMPLIFICATION 

REAGENTS 

Fig. 123 5788 

5758~ CHANNEL 1 
,,.----5798 

5784'-0YE 1 QUENCHER 1 

PROBE1: 'L____j 
~5792 

PRIMERS: ---FORWARD 1 
---REVERSE 1 

-,,. 

-,,. 

f5740 

f5910 

,r5744 ,r5746 ,r57 48 

DG - TC - DET ,,. ,,. 

f5740 

f5920 

,r5744 ,r5746 ,r57 48 

DG TC - DET . 

,,.----5790 
CHANNEL 2 " 5912 

,,.----5930 
5786"'-0YE 2 QUENCHER 2 

PROBE2: ~ 
PRIMERS: ---FORWARD 2 

---REVERSE 2 

BIO-RAD EX.1026.062



Patent Application Publication Jul. 8, 2010 Sheet 62 of 65 US 2010/0173394 Al 

Fig. 124 
NO INHIBITION: 

5940 
I..,._ 

-..-
...J ...J 
<(W zZ 
C!) z 
-<( cn:r: 

£ 

5942 
I..,._ 

iN 
...J ...J 
<(W zZ 
C!) z 
-<( en I 

£ 

NO TEST 
POSITIVES 

TIME 

1/10 CONTROL 
POSITIVES ,48 

TIME 

Fig. 126 5756 

r-·-

SAMPLE 

5758 

TEST 
AMPLIFICATION 

REAGENTS 
5912 

CONTROL 
AMPLIFICATION 

REAGENTS 
=·---+ L-------5-9_1_,4 . ' . ' 
i ! CONTROL 
i , •••• L.-__ T_E_M_P_L_A_:r_E __ _, 

5962 

\ 

Fig. 125 

59~ 

-..-
...J ...J 
<(W zz 
C!)Z 
-<( 
en I 

5946 
I..,._ 

(.) -
N' 

...J ...J 
<(W 
zz 
c,Z 
-<( en I 

(.) -

INHIBITION: 

NO TEST 
POSITIVES 

TIME 

NO CONTROL 
POSITIVES 

TIME 

r5744 

DG 

£5940 

/5960 

tr5746 

TC 

. . . 
! 
i ,·5964 r~ 
' ' ' ' 

ir5748 

DET 

. ' 
~--------------------------------------------------------------------------------· 

BIO-RAD EX.1026.063



Patent Application Publication 

Fig. 127 
59~0 

Jul. 8, 2010 Sheet 63 of 65 US 2010/0173394 Al 

,,-5714 
-I ....I 
<(W 
zZ 
C)Z 
-<( 
cn:r: 

---- ---------------- ______________________________ , _________ _ 

5982 

""' 

(.) -
..-... 
N 

-I ....I 
<(W 
zZ 
C)Z 
-<( en :r: 

(.) -

Fig. 128 
5990 

'->4. 

5992 
'->4. 

I 

I 

TIME 

,,-5714 
·-···-·-·····'······-··· 

TIME 

DYE 1 

'A-1 5998 

E~ 

DYE2 

BIO-RAD EX.1026.064



Patent Application Publication 

Fig. 129 
5740---._ 

6010---._ 

6016 

Jul. 8, 2010 Sheet 64 of 65 US 2010/0173394 Al 

6024 
""- 6026 ,,-6028 

DETECTION DETECTION 
OPTICS A1 OPTICS A.2 

', ,1, 

A 1__)· ••. \. 601 ~,/'~A2 ", I ,, 

~ ~. 0 0 0 ~ 0 0 0 0 
6012 \ DYE 1 + DYE 2 ! EXCITATION LIGHT 

6014 V 

Fig. 130 6040 
6042 
~ _. 

<( 
z 
(!) 

en 

6044 
~ 

_. 
<( 

~ 
6048 6048 

6046 

I 

! ,,-6022 

SINGLE A 
EXCITATION '--6020 

OPTICS '--5748 

6050 

FALSE 
NEGATIVE 

TIME 

z ----------- -------------------- ------------------------------- ------(!) 

en 

TIME 

BIO-RAD EX.1026.065



Patent Application Publication 

Fig. 131 
6060--::.. 

6062 
~ 

_J 
<( 
z 
(!) 

en 

6064 
~ 

_J 
<( 
z 
(!) 

en 

Jul. 8, 2010 Sheet 65 of 65 US 2010/0173394 Al 

6066 

TIME 

TIME 

BIO-RAD EX.1026.066



US 2010/0173394 Al 

DROPLET-BASED ASSAY SYSTEM 

CROSS-REFERENCE TO PRIORITY 
APPLICATIONS 

[0001] This application is based upon and claims the ben­
efit under 35 U.S.C. § 119( e ), the Paris Convention priority 
right, and any and all other applicable law of the following 
U.S. provisional patent applications: 

[0002] Serial No. 61/194,043, filed Sep. 23, 2008; 
[0003] Serial No. 61/206,975, filed Feb. 5, 2009; 
[0004] Serial No. 61/271,538, filed Jul. 21, 2009; 
[0005] Serial No. 61/275,731, filed Sep. 1, 2009; 
[0006] Ser. No. __ , filed Sep. 21, 2009, titled CAR­

TRIDGE WITH LYSIS CHAMBER AND DROPLET 
CHAMBER, and naming Kevin Dean Ness, Samuel 
Burd, Benjamin J. Hindson, Donald A. Masquelier, and 
Billy W. Colston, Jr., as inventors; 

[0007] Ser. No. __ , filed Sep. 21, 2009, titled 
DROPLET GENERATOR FOR DROPLET-BASED 
ASSAYS, and naming Kevin Dean Ness, Benjamin J. 
Hindson, Billy W. Colston, Jr., and Donald A. Masque­
lier as inventors; 

[0008] Ser. No. __ , filed Sep. 21, 2009, titled CON­
TINUOUS FLOW THERMOCYCLER, and naming 
Kevin Dean Ness, Donald A. Masquelier, Billy W. Col­
ston, Jr., and Benjamin J. Hindson as inventors; 

[0009] Ser. No. __ , filed Sep. 21, 2009, titled 
DETECTION SYSTEMS FOR DROPLET-BASED 
ASSAYS, and naming Donald A. Masquelier, Kevin 
Dean Ness, Benjamin J. Hindson, and Billy W. Colston, 
Jr., as inventors; 

[0010] Ser. No. __ , filed Sep. 21, 2009, titled 
QUANTIFICATION OF DROPLET-BASED ASSAYS, 
and naming Vincent Riot, Devin Dean Ness, Billy W. 
Colston, Jr., Benjamin J. Hindson, Douglas N. Modlin, 
and Anthony J. Makarewicz, Jr., as inventors; and 

[0011] Ser. No. __ , filed Sep. 22, 2009, titled 
DROPLET-BASED ASSAY SYSTEM, and naming 
Benjamin J. Hindson, Kevin Dean Ness, Billy W. Col­
ston, Jr., Fred P. Milanovich, Donald A. Modlin, and 
Anthony J. Makarewicz, Jr., as inventors. 

These priority applications are incorporated herein by refer­
ence in their entireties for all purposes. 

CROSS-REFERENCE TO OTHER MATERIALS 

[0012] This application incorporates by reference in their 
entireties for all purposes the following materials: U.S. Pat. 
No. 7,041,481, issued May 9, 2006; andJosephR. Lakowicz, 
PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 
crd Ed. 1999). 

INTRODUCTION 

[0013] Assays are procedures for determining the presence, 
quantity, activity, and/or other properties or characteristics of 
components in a sample. In many cases, the samples to be 
assayed are complex, the components of interest within the 
samples-a nucleic acid, an enzyme, a virus, a bacterium, 
etc.-are only minor constituents of the samples, and the 
results of the assays are required quickly and/or for many 
samples. Unfortunately, current assay systems, such as poly­
merase chain reaction (PCR) assays for nucleic acids such as 
deoxyribonucleic acid (DNA), may be slow, sensitive to 
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sample complexity, and/or prone to reporting false positives, 
among other disadvantages. Thus, there is a need for 
improved assay systems. 

SUMMARY 

[0014] The present disclosure provides systems, including 
apparatus and methods, for performing assays. These systems 
may involve separating sample components by partitioning 
them into droplets orotherpartitions, amplifying orotherwise 
reacting the components within the droplets, detecting the 
amplified components, or characteristics thereof, and/or ana­
lyzing the resulting data, among others. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a flowchart listing exemplary steps that 
may be performed in a method of sample analysis using 
droplet-based assays, in accordance with aspects of the 
present disclosure. 
[0016] FIG. 2 is a perspective view of an exemplary 
embodiment of a system for performing droplet-based 
assays, with the system comprising an instrument and car­
tridges that connect to the instrument to provide sample 
preparation that is actuated and controlled by the instrument, 
in accordance with aspects of the present disclosure. 
[0017] FIG. 3A is a schematic view of an exemplary 
sequence of processes performed by the system of FIG. 2. 
[0018] FIG. 3B is a schematic view of the instrument of 
FIG. 2. 
[0019] FIG. 4 is a perspective view of another exemplary 
embodiment of an instrument for performing droplet-based 
assays, with the instrument designed to utilize pre-prepared 
samples, in accordance with aspects of the present disclosure. 
[0020] FIG. 5 is a flowchart listing exemplary steps that 
may be performed in a method of sample analysis using 
droplet-based assays, in accordance with aspects of the 
present disclosure. 
[0021] FIG. 6 is a schematic view of selected portions of an 
exemplary system for performing droplet-based assays, in 
accordance with aspects of the present disclosure. 
[0022] FIG. 7 is a schematic view of an exemplary system 
with flow-based amplification, and with droplet generation 
and droplet loading that are decoupled from each other, in 
accordance with aspects of the present disclosure. 
[0023] FIG. 8 is a flowchart listing exemplary steps that 
may be performed in a method of sample analysis using 
droplet-based assays in which droplets are transported from a 
droplet generator and/or a droplet storage site to a reaction 
site, in accordance with aspects of the present disclosure. 
[0024] FIG. 9 is a flowchart listing exemplary steps that 
may be included in a droplet transport step in the method of 
FIG. 8, in accordance with aspects of the present disclosure. 
[0025] FIG. 10 is a schematic view of selected portions of 
an exemplary system for performing droplet-based assays in 
which droplets are transported from a droplet generator and/ 
or droplet storage site to a reaction site, with horizontal 
arrows indicating droplet travel between structural compo­
nents of the system, in accordance with aspects of the present 
disclosure. 
[0026] FIG. 11 is a schematic view of an exemplary droplet 
transporter connecting a droplet storage site to a reaction site, 
in accordance with aspects of the present disclosure. 
[0027] FIG. 12 is a schematic view of an example of the 
system of FIG. 10 in which droplet generation and droplet 
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transport to a reaction site are coupled by continuous flow 
such that droplets are not stored, in accordance with aspects 
of the present disclosure. 
[0028] FIG. 13 is a schematic view of an example of the 
system of FIG. 10 in which droplet generation and droplet 
transport to a reaction site are decoupled, such that droplets 
can be stored for an adjustable, selectable period of time after 
their generation and then loaded into the reaction site for 
droplet processing, in accordance with aspects of the present 
disclosure. 
[0029] FIG. 14 is a schematic view of an example of a 
system generally related to the system of FIG. 13, with 
selected elements replicated such that the system is capable of 
transporting, reacting, and/or detecting a plurality of distinct 
droplet packets in parallel, in accordance with aspects of the 
present disclosure. 
[0030] FIG. 15 is a schematic view of another example of 
the system of FIG. 10 in which droplet generation and droplet 
transport to a reaction site are decoupled, with the system 
utilizing an autosampler to transport selected droplet packets 
from an emulsion array to a reaction site, in accordance with 
aspects of present disclosure. 
[0031] FIG.16 is a fragmentary view of selected portions of 
the system of FIG. 15, with the auto sampler picking up drop­
let packets serially from the emulsion array and separated 
from one another by at least one spacer fluid, in accordance 
with aspects of present disclosure. 
[0032] FIG. 17 is a schematic, fragmentary view of an 
example of the system of FIG. 10 that enables multi-stage 
decoupling of droplet generation and droplet loading into a 
reaction site, with the system providing storage of a packet of 
droplets (a) as part of an array of emulsions and then (b) in an 
intermediate storage site prior to introducing the packet into a 
reaction site, in accordance with aspects of the present dis­
closure. 
[0033] FIG. 18 is a schematic, fragmentary view of another 
example of the system of FIG. 10 that enables multi-stage 
decoupling of droplet generation and droplet loading into a 
reaction site, with the system related to that of FIG. 17 but 
including a plurality of isolated, intermediate storage sites 
that can be accessed in an arbitrary order, in accordance with 
aspects of present disclosure. 
[0034] FIG. 19 is a flowchart listing exemplary steps that 
may be performed in a method of sample analysis using 
droplets subjected to conditions for amplification while dis­
posed in a static fluid, in accordance with aspects of present 
disclosure. 
[0035] FIG. 20 is a flowchart listing exemplary steps that 
may be performed in a method of sample analysis using 
parallel (batch) amplification of an array of emulsions, in 
accordance with aspects of the present disclosure. 
[0036] FIG. 21 is a schematic view of selected portions of 
an exemplary system for performing the method of FIG. 20, 
in accordance with aspects of the present disclosure. 
[0037] FIG. 22 is a view of an exemplary device equipped 
with an array of droplet generators, in accordance with 
aspects of the present disclosure. 
[0038] FIG. 23 is a fragmentary view of the device of FIG. 
22, taken generally at the region indicated at "23" in FIG. 22, 
and illustrating a subset of the droplet generators. 
[0039] FIG. 24 is a schematic view of one of the droplet 
generators of FIG. 23, illustrating how droplets are generated 
and driven to a droplet reservoir by application of pressure. 
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[0040] FIG. 25 is a sectional view of the device of FIG. 22, 
taken generally along line 25-25 of FIG. 23, and with the 
device assembled with an exemplary pressure manifold for 
applying pressure to the droplet generators to drive droplet 
generation, in accordance with aspects of present disclosure. 
[0041] FIG. 26 is a sectional view of the device of FIG. 22 
taken as in FIG. 25, but with the pressure manifold replaced 
by an exemplary sealing member that seals wells of the device 
to permit thermal cycling, in accordance with aspects of 
present disclosure. 
[0042] FIG. 27 is a fragmentary view of another exemplary 
device incorporating an array of droplet generators, in accor­
dance with aspects of present disclosure. 
[0043] FIG. 28 is a bottom view of a droplet generator of the 
device of FIG. 27, taken after droplet generation. 
[0044] FIG. 29 is a sectional view of the droplet generator 
of FIG. 28, taken generally along line 29-29 of FIG. 28 and 
illustrating how droplets may be imaged from below the 
device. 
[0045] FIG. 30 is a fragmentary view of yet another exem­
plary device incorporating an array of droplet generators, in 
accordance with aspects of present disclosure. 
[0046] FIG. 31 is a bottom view ofa droplet generatorofthe 
device of FIG. 30, taken after droplet generation. 
[0047] FIG. 32 is a sectional view of the droplet generator 
of FIG. 31, taken generally along line 32-32 of FIG. 31 and 
illustrating how droplets may be imaged from below the 
device. 
[0048] FIG. 33 is a view of an exemplary imaging system 
for batch detection of an array of emulsions held by a plate, in 
accordance with aspects of the present disclosure. 
[0049] FIG. 34 is a sectional view of the plate of FIG. 33, 
taken through a well of the plate, generally along line 34-34 of 
FIG. 33. 
[0050] FIG. 35 is a view of an exemplary imaging system 
for detecting images of emulsions held by slides, in accor­
dance with aspects of the present disclosure. 
[0051] FIG. 36 is a sectional view through a slide of the 
imaging system of FIG. 35, taken generally along line 36-36 
of FIG. 35. 
[0052] FIG. 37 is an exploded view of an exemplary imag­
ing system that includes a vial being loaded with droplets 
before detection to image the droplets, in accordance with 
aspects of present disclosure. 
[0053] FIG. 38 is a schematic view of an exemplary system 
for imaging amplified emulsions by transport of droplets of 
the emulsions to a detection chamber by flow from a plate 
holding the emulsions, in accordance with aspects of the 
present disclosure. 
[0054] FIG. 39 is a schematic view of an exemplary system 
for imaging amplified emulsions transported to a plurality of 
detection chambers by flow from a plate holding the emul­
sions, in accordance with aspects of the present disclosure. 
[0055] FIG. 40 is a schematic view of an exemplary system 
for transport of droplets from an array of emulsions to a 
detection channel, in accordance aspects of the present dis­
closure. 
[0056] FIG. 41 is a flowchart depicting the steps of a DNA 
amplification method that may be performed within or in 
conjunction with a disposable cartridge of a DNA amplifica­
tion system, in accordance with aspects of the present disclo­
sure. 
[0057] FIG. 42 is a schematic diagram depicting a dispos­
able sample preparation cartridge and suitable fluidic connec-
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tions between various components of the cartridge, in accor­
dance with aspects of the present disclosure. 

[0058] FIGS. 43-45 are isometric, side elevation, and top 
views, respectively, of an interior portion of an exemplary 
disposable cartridge, suitable for performing some or all of 
the sample preparation steps in FIG. 41. 

[0059] FIG. 46 is a schematic view of a two-chamber 
hydraulic mechanism, suitable for controlling fluid motion 
between the various chambers of a disposable cartridge, in 
accordance with aspects of the present disclosure. 

[0060] FIG. 47 is a schematic view of a three-chamber 
hydraulic mechanism, which is similar to two-chamber 
mechanism of FIG. 46, suitable for controlling fluid motion 
between the various chambers of a disposable cartridge, in 
accordance with aspects of the present disclosure. 
[0061] FIGS. 48A-48F are top views of various exemplary 
droplet generators, in accordance with aspects of the present 
disclosure. 
[0062] FIG. 49 is a schematic diagram depicting another 
disposable sample preparation cartridge and suitable fluidic 
connections between various components of the cartridge, in 
accordance with aspects of the present disclosure. 

[0063] FIG. 50 is a schematic diagram depicting still 
another disposable sample preparation cartridge (left), por­
tions of a complementary PCR instrument (right), and suit­
able fluidic connections among and between various compo­
nents of the cartridge and instrument, in accordance with 
aspects of the present disclosure. 

[0064] FIG. 51 is a schematic diagram depicting still 
another disposable sample preparation cartridge (left), por­
tions of a complementary PCR instrument (right), and suit­
able fluidic connections among and between various compo­
nents of the cartridge and instrument, in accordance with 
aspects of the present disclosure. 

[0065] FIG. 52 is an isometric view of still another dispos­
able sample preparation cartridge, in accordance with aspects 
of the present disclosure. FIG. 53 is a bottom view of the 
cartridge of FIG. 52. 
[0066] FIG. 54 is a schematic diagram of an exemplary 
droplet generation system, in accordance with aspects of the 
present disclosure. 

[0067] FIG. 55 is an isometric view of a portion of an 
exemplary droplet generator, in accordance with aspects of 
the present disclosure. 

[0068] FIG. 56 is an isometric view of a portion of another 
exemplary droplet generator, in accordance with aspects of 
the present disclosure. 

[0069] FIG. 57 is a cross-sectional side elevational view 
showing an inner portion of another exemplary droplet gen­
erator, in accordance with aspects of the present disclosure. 

[0070] FIG. 58 is a cross-sectional side elevational view 
showing an inner portion of another exemplary droplet gen­
erator, in accordance with aspects of the present disclosure. 
[0071] FIG. 59 is a cross-sectional side elevational view 
showing an inner portion of another exemplary droplet gen­
erator, in accordance with aspects of the present disclosure, 
showing a sample-containing portion disassembled from a 
droplet outlet portion. 
[0072] FIG. 60 is a cross-sectional side elevational view 
showing the sample-containing portion and the droplet outlet 
portion of FIG. 59 assembled together. 
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[0073] FIG. 61 is a cross-sectional side elevational view of 
a droplet generation system including a droplet generator and 
a fluid reservoir, in accordance with aspects of the present 
disclosure. 
[0074] FIG. 62 is a magnified cross-sectional side eleva­
tional view of a distal portion of the droplet generation system 
of FIG. 61. 
[0075] FIG. 63 is a cross-sectional side elevational view of 
a distal portion of another droplet generation system, in 
accordance with aspects of the present disclosure. 
[0076] FIG. 64 is a cross-sectional side elevational view of 
a distal portion of yet another droplet generation system, in 
accordance with aspects of the present disclosure. 
[0077] FIG. 65 is a cross-sectional side elevational view of 
still another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0078] FIG. 66 is a cross-sectional side elevational view of 
still another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0079] FIG. 67 is a cross-sectional side elevational view of 
still another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0080] FIG. 68 is a cross-sectional side elevational view of 
still another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0081] FIG. 69 is an isometric view of four different droplet 
generators, illustrating the relationship between various 
cross-type droplet generators, in accordance with aspects of 
the present disclosure 
[0082] FIG. 70 is a cross-sectional side elevational view of 
another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0083] FIG. 71 is a cross-sectional side elevational view of 
still another droplet generation system, in accordance with 
aspects of the present disclosure. 
[0084] FIG. 72 is a flowchart depicting a method of ther­
mocycling a sample/reagent fluid mixture to promote PCR. 
[0085] FIG. 73 is an exploded isometric view of an exem­
plary thermocycler, in accordance with aspects of the present 
disclosure. 
[0086] FIG. 74 is an unexploded isometric view of a central 
portion of the thermocycler of FIG. 73. 
[0087] FIG. 75 is an isometric view showing a magnified 
portion of the assembled thermocycler of FIG. 73, which is 
suitable for relatively small outer diameter fluidic tubing, in 
accordance with aspects of the present disclosure. 
[0088] FIG. 76 is an isometric view showing a magnified 
portion of an alternative embodiment of the assembled ther­
mocycler, which is suitable for relatively larger outer diam­
eter fluidic tubing, in accordance with aspects of the present 
disclosure. 
[0089] FIG. 77 is a top plan view of the thermocycler of 
FIG. 73, without the outer segments attached. 
[0090] FIG. 78 is a schematic sectional view of the ther­
mocycler of FIG. 73, depicting the relative dispositions of the 
core and other components, taken generally along line C in 
FIG. 77 as line C in swept through one clockwise revolution 
about the center of the thermocycler. 
[0091] FIG. 79 is a magnified isometric view of a central 
portion of the thermocycler of FIG. 75. 
[0092] FIG. 80 is a graph of measured temperature versus 
arc length, as a function of average fluid velocity, near the 
interface between two inner segments of the thermocycler of 
FIG. 73. 
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[0093] FIG. 81 is an isometric view of a central portion of a 
thermocycler having an optional "hot start" region, in accor­
dance with aspects of the present disclosure. 
[0094] FIGS. 82-89 are schematic sectional views of alter­
native embodiments of a thermocycler, in accordance with 
aspects of the present disclosure. 
[0095] FIG. 90 is an exploded isometric view of a ther­
mocycler, with associated heating, cooling, and housing ele­
ments, in accordance with aspects of the present disclosure. 
[0096] FIG. 91 is a side elevational view of an exemplary 
thermocycler having temperature regions that vary in size 
along the length of the thermocycler, in accordance with 
aspects of the present disclosure. 
[0097] FIG. 92 is a side elevational view of an exemplary 
thermocycler having temperature regions that vary in number 
along the length of the thermocycler, in accordance with 
aspects of the present disclosure. 
[0098] FIG. 93 is a schematic depiction of an optical detec­
tion system for irradiating sample-containing droplets and 
detecting fluorescence subsequently emitted by the droplets, 
in accordance with aspects of the present disclosure. 
[0099] FIG. 94 is a graph of intensity versus time for fluo­
rescence detected by an optical detection system such as the 
system of FIG. 93, illustrating the distinction between fluo­
rescence emitted by droplets containing a target and droplets 
not containing a target. 
[0100] FIG. 95 is a schematic depiction of an optical detec­
tion system in which stimulating radiation is transferred 
toward sample-containing droplets through an optical fiber, in 
accordance with aspects of the present disclosure. 
[0101] FIG. 96 is a schematic depiction of an optical detec­
tion system in which scattered and fluorescence radiation are 
transferred away from sample-containing droplets through 
optical fibers, in accordance with aspects of the present dis­
closure. 
[0102] FIG. 97 is a schematic depiction of an optical detec­
tion system in which stimulating radiation is transferred 
toward sample-containing droplets through an optical fiber 
and in which scattered and fluorescence radiation are trans­
ferred away from the droplets through optical fibers, in accor­
dance with aspects of the present disclosure. 
[0103] FIG. 98 depicts an intersection region where inci­
dent radiation intersects with sample-containing droplets 
traveling through a fluid channel, illustrating how optical 
fibers may be integrated with sections of fluidic tubing. 
[0104] FIG. 99A depicts another intersection region where 
incident radiation intersects with sample-containing droplets 
traveling through a fluid channel, illustrating how a single 
optical fiber may be used to transmit both incident radiation 
and stimulated fluorescence. 
[0105] FIG. 99B depicts another intersection region con­
figured to transmit both incident radiation and stimulated 
fluorescence through a single optical fiber, and also config­
ured to transfer radiation to and from substantially one drop­
let at a time. 
[0106] FIG. 100 is a schematic depiction of an optical 
detection system in which the incident radiation is split into a 
plurality of separate beams, in accordance with aspects of the 
present disclosure. 
[0107] FIG. 101 is a schematic depiction of an optical 
detection system in which the incident radiation is spread by 
an adjustable mirror into a relatively wide intersection region, 
in accordance with aspects of the present disclosure. 
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[0108] FIG. 102 depicts a flow focus mechanism for sepa­
rating sample-containing droplets from each other by a 
desired distance, in accordance with aspects of the present 
disclosure. 
[0109] FIG. 103 depicts another flow focus mechanism for 
separating sample-containing droplets from each other by a 
desired distance, in accordance with aspects of the present 
disclosure. 
[0110] FIG. 104 depicts a section of fluidic tubing, illus­
trating how an appropriate choice of fluid channel diameter 
can facilitate proper spacing between droplets, in accordance 
with aspects of the present disclosure. 
[0111] FIG. 105 depicts a batch fluorescence detection sys­
tem, in accordance with aspects of the present disclosure. 
[0112] FIG. 106 is a flow chart depicting a method of 
detecting fluorescence from sample-containing droplets, in 
accordance with aspects of the present disclosure. 

[0113] FIG. 107 is a flowchart depicting a method of deter­
mining target molecule concentration in a plurality of 
sample-containing droplets, in accordance with aspects of the 
present disclosure. 

[0114] FIG. 108 is a histogram showing exemplary experi­
mental data in which the number of detected droplets is plot­
ted as a function of a measure of fluorescence intensity. 

[0115] FIG. 109 is a histogram comparing the experimental 
data in FIG. 108 (solid line) with fluorescence distributions 
recreated numerically using various fit orders ( dotted and 
dashed lines). 

[0116] FIG. 110 is a histogram showing values of least 
mean square residuals for the fluorescence distributions of 
FIG. 108 recreated numerically using various fit orders. 

[0117] FIG. 111 is a flowchart depicting a method of 
numerically estimating target molecule concentration in a 
sample, in accordance with aspects of the present disclosure. 

[0118] FIG. 112 is an exemplary graph of fluorescence 
signals that may be measured with respect to time from a flow 
stream of droplets, with the graph exhibiting a series of peaks 
representing droplet signals, and with the graph indicating a 
signal threshold for assigning droplet signals as correspond­
ing to amplification-positive and amplification-negative 
droplets, in accordance with aspects of the present disclosure. 

[0119] FIG. 113 is an exemplary histogram of ranges of 
droplet signal intensities that may be measured from the flow 
stream of FIG. 112, with the relative frequency of occurrence 
of each range indicated by bar height, in accordance with 
aspects of the present disclosure. 
[0120] FIG. 114 is a schematic view of an exemplary sys­
tem for performing droplet-based tests of nucleic acid ampli­
fication with the aid of controls and/or calibrators, in accor­
dance with aspects of the present disclosure. 

[0121] FIG. 115 is a schematic view of selected aspects of 
the system of FIG. 114, with the system in an exemplary 
configuration for detecting amplification of a nucleic acid 
target using a first dye, and for controlling for system varia­
tion during a test using a second dye, in accordance with 
aspects of present disclosure. 

[0122] FIG. 116 is a schematic view of exemplary reagents 
that may be included in the system configuration of FIG. 115, 
to permit detection of amplification signals in a first detector 
channel and detection of a passive control signals in a second 
detector channel, in accordance with aspects of present dis­
closure. 
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[0123] FIG. 117 a flowchart of an exemplary approach to 
correcting for system variation using the system configura­
tion of FIG. 115, in accordance with aspects of the present 
disclosure. 
[0124] FIG. 118 is a schematic view of selected aspects of 
the system of FIG. 114, with the system in an exemplary 
configuration for detecting amplification of a nucleic acid 
target using a first dye in a set of droplets, and for (a) cali­
brating the system before, during, and/or after a test or (b) 
controlling for aspects of system variation during a test using 
either the first dye or a second dye in another set of droplets, 
in accordance with aspects of present disclosure. 
[0125] FIG. 119 is an exemplary graph of fluorescence 
signals that may be detected over time from a flow stream of 
the system configuration of FIG. 118 during system calibra­
tion and sample testing performed serially, in accordance 
with aspects of present disclosure. 
[0126] FIG. 120 is a flowchart of an exemplary method of 
correcting for system variation produced during a test using 
the system configuration of FIG. 118, in accordance with 
aspects of the present disclosure. 
[0127] FIG. 121 is a schematic view of selected aspects of 
the system of FIG. 114, with the system in an exemplary 
configuration for testing amplification of a pair of nucleic 
acid targets in the same droplets, in accordance with aspects 
of present disclosure. 
[0128] FIG. 122 is a schematic view of selected aspects of 
the system of FIG. 114, with the system in another exemplary 
configuration for testing amplification of a pair of nucleic 
acid targets in the same droplets, in accordance with aspects 
of present disclosure. 
[0129] FIG. 123 is a schematic view of exemplary target­
specific reagents that may be included in the system configu­
rations of FIGS. 121 and 122, to permit detection of amplifi­
cation signals in a different detector channel (i.e., a different 
detected wavelength or wavelength range) for each nucleic 
acid target, in accordance with aspects of present disclosure. 
[0130] FIG. 124 is a pair of exemplary graphs of fluores­
cence signals that may be detected over time from a flow 
stream of the system configuration of FIG. 121 or 122 using 
different detector channels, with one of the channels detect­
ing successful amplification of a control target, thereby indi­
cating no inhibition of amplification, in accordance with 
aspects of present disclosure. 
[0131] FIG.125 is a pair of exemplary graphs with fluores­
cence signals detected generally as in FIG. 124, but with 
control signals indicating that amplification is inhibited, in 
accordance with aspects of present disclosure. 
[0132] FIG. 126 is a schematic view of selected aspects of 
the system of FIG. 114, with the system in an exemplary 
configuration for testing amplification of a pair of nucleic 
acid targets using a different set of droplets for each target, in 
accordance with aspects of present disclosure. 
[0133] FIG. 127 is a pair of exemplary graphs of fluores­
cence signals that may be detected over time from a flow 
stream of the system configurationofFIG.126 using different 
detector channels, with each channel monitoring amplifica­
tion of a distinct nucleic acid target, in accordance with 
aspects of present disclosure. 
[0134] FIG. 128 is a pair of graphs illustrating exemplary 
absorption and emission spectra of fluorescent dyes that may 
be suitable for use in the system of FIG. 114, in accordance 
with aspects of the present disclosure. 
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[0135] FIG. 129 is a schematic diagram illustrating exem­
plary use of the fluorescent dyes of FIG. 128 in an exemplary 
embodiment of the system of FIG. 114, in accordance with 
aspects of the present disclosure. 
[0136] FIG. 130 is a flowchart of an exemplary approach to 
correcting for system variation within a test by processing a 
set of droplet test signals to a more uniform signal intensity, in 
accordance with aspects of the present disclosure. 
[0137] FIG. 131 is a flowchart of an exemplary approach 
for transforming droplet signals based on the width of respec­
tive signal peaks providing the droplet signals, in accordance 
with aspects of the present disclosure. 

DETAILED DESCRIPTION 

[0138] The present disclosure provides systems, including 
apparatus and methods, for performing assays. These systems 
may involve, among others, (A) preparing a sample, such as a 
clinical or environmental sample, for analysis, (B) separating 
components of the samples by partitioning them into droplets 
or other partitions, each containing only about one compo­
nent ( such as a single copy of a nucleic acid target (DNA or 
RNA) or other analyte of interest), (C) amplifying or other­
wise reacting the components within the droplets, (D) detect­
ing the amplified or reacted components, or characteristics 
thereof, and/or (E) analyzing the resulting data. In this way, 
complex samples may be converted into a plurality of simpler, 
more easily analyzed samples, with concomitant reductions 
in background and assay times. 
[0139] FIG. 1 shows an exemplary system 500 for perform­
ing such a droplet-, or partition-, based assay. In brief, the 
system may include sample preparation 502, droplet genera­
tion 504, reaction ( e.g., amplification) 506, detection 508, and 
data analysis 510. The system may be utilized to perform a 
digital PCR (polymerase chain reaction) analysis. More spe­
cifically, sample preparation 502 may involve collecting a 
sample, such as a clinical or environmental sample, treating 
the sample to release associated nucleic acids, and forming a 
reaction mixture involving the nucleic acids ( e.g., for ampli­
fication of a target nucleic acid). Droplet generation 504 may 
involve encapsulating the nucleic acids in droplets, for 
example, with about one copy of each target nucleic acid per 
droplet, where the droplets are suspended in an immiscible 
carrier fluid, such as oil, to form an emulsion. Reaction 506 
may involve subjecting the droplets to a suitable reaction, 
such as thermal cycling to induce PCR amplification, so that 
target nucleic acids, if any, within the droplets are amplified to 
form additional copies. Detection 508 may involve detecting 
some signal(s) from the droplets indicative of whether or not 
there was amplification. Finally, data analysis 510 may 
involve estimating a concentration of the target nucleic acid in 
the sample based on the percentage of droplets in which 
amplification occurred. 
[0140] These and other aspects of the system are described 
below, in the following sections: (I) definitions, (II) system 
overview/architecture, (Ill) sample preparation/cartridge, 
(IV) droplet generator, (V) continuous flow thermocycler, 
(VI) detection, (VII) quantification/analysis, (VIII) controls 
and calibrations, (IX) clinical applications, and (X) multi­
plexed assays. 

I. Definitions 

[0141] Technical terms used in this disclosure have the 
meanings that are commonly recognized by those skilled in 
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the art. However, the following terms may have additional 
meanings, as described below. 
[0142] Emulsion-a composition comprising liquid drop­
lets disposed in an immiscible carrier fluid, which also is 
liquid. The carrier fluid, also termed a background fluid, 
forms a continuous phase, which may be termed a carrier 
phase, a carrier, and/or a background phase. The droplets 
(e.g., aqueous droplets) are formed by at least one droplet 
fluid, also termed a foreground fluid, which is a liquid and 
which forms a droplet phase (which may be termed a dis­
persed phase or discontinuous phase). The droplet phase is 
immiscible with the continuous phase, which means that the 
droplet phase (i.e., the droplets) and the continuous phase 
(i.e., the carrier fluid) do not mix to attain homogeneity. The 
droplets are isolated from one another by the continuous 
phase and encapsulated (i.e., enclosed/surrounded) by the 
continuous phase. 
[0143] The droplets of an emulsion may have any uniform 
or non-uniform distribution in the continuous phase. If non­
uniform, the concentration of the droplets may vary to pro­
vide one or more regions of higher droplet density and one or 
more regions of lower droplet density in the continuous 
phase. For example, droplets may sink or float in the continu­
ous phase, may be clustered in one or more packets along a 
channel, may be focused toward the center or perimeter of a 
flow stream, or the like. 
[0144] Any of the emulsions disclosed herein may be 
monodisperse, that is, composed of droplets of at least gen­
erally uniform size, or may be polydisperse, that is, composed 
of droplets of various sizes. If monodisperse, the droplets of 
the emulsion may, for example, vary in volume by a standard 
deviation that is less than about plus or minus 100%, 50%, 
20%, 10%, 5%, 2%, or 1 % of the average droplet volume. 
Droplets generated from an orifice may be monodisperse or 
poly disperse. 
[0145] An emulsion may have any suitable composition. 
The emulsion may be characterized by the predominant liq­
uid compound or type ofliquid compound in each phase. The 
predominant liquid compounds in the emulsion may be water 
and oil. "Oil" is any liquid compound or mixture of liquid 
compounds that is immiscible with water and that has a high 
content of carbon. In some examples, oil also may have a high 
content ofhydrogen, fluorine, silicon, oxygen, or any combi­
nation thereof, among others. For example, any of the emul­
sions disclosed herein may be a water-in-oil (W /0) emulsion 
(i.e., aqueous droplets in a continuous oil phase). The oil may, 
for example, be or include at least one silicone oil, mineral oil, 
fluorocarbon oil, vegetable oil, or a combination thereof, 
among others. Any other suitable components may be present 
in any of the emulsion phases, such as at least one surfactant, 
reagent, sample (i.e., partitions thereof), other additive, label, 
particles, or any combination thereof. 
[0146] Standard emulsions become unstable when heated 
( e.g., to temperatures above 60° C.) when they are in a packed 
state (e.g., each droplet is near a neighboring droplet), 
because heat generally lowers interfacial tensions, which can 
lead to droplet coalescence. Thus, standard packed emulsions 
do not maintain their integrity during high-temperature reac­
tions, such as PCR, unless emulsion droplets are kept out of 
contact with one another or additives ( e.g., other oil bases, 
surfactants, etc.) are used to modify the stability conditions 
( e.g., interfacial tension, viscosity, steric hindrance, etc.). For 
example, the droplets may be arranged in single file and 
spaced from one another along a channel to permit thermal 
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cycling in order to perform PCR. However, following this 
approach using a standard emulsion does not permit a high 
density of droplets, thereby substantially limiting throughput 
in droplet-based assays. 
[0147] Any emulsion disclosed herein may be a heat-stable 
emulsion. A heat-stable emulsion is any emulsion that resists 
coalescence when heated to at least 50° C. A heat-stable 
emulsion may be a PCR-stable emulsion, which is an emul­
sion that resists coalescence throughout the thermal cycling 
of PCR ( e.g., to permit performance of digital PCR). Accord­
ingly, a PCR-stable emulsion may be resistant to coalescence 
when heated to at least 80° C. or 90° C., among others. Due to 
heat stability, a PCR-stable emulsion, in contrast to a standard 
emulsion, enables PCR assays to be performed in droplets 
that remain substantially monodisperse throughout thermal 
cycling. Accordingly, digital PCR assays with PCR-stable 
emulsions may be substantially more quantitative than with 
standard emulsions. An emulsion may be formulated as PCR 
stable by, for example, proper selection of carrier fluid and 
surfactants, among others. An exemplary oil formulation to 
generate PCR-stable emulsions for flow-through assays is as 
follows: (1) Dow Coming 5225C Formulation Aid (10% 
active ingredient in decamethy lcyclopentasiloxane )-20% 
w/w, 2% w/w final concentration active ingredient, (2) Dow 
Coming 749 Fluid (50% active ingredient in decamethylcy­
clopentasiloxane)-5% w/w, 2.5% w/w active ingredient, 
and (3) Poly(dimethylsiloxane) Dow Coming 200® fluid, 
viscosity 5.0 cSt (25° C.)-75% w/w. An exemplary oil for­
mulation to generate PCR-stable emulsions for batch assays 
is as follows: (1) Dow Coming 5225C Formulation Aid (10% 
active ingredient in decamethy lcyclopentasiloxane )-20% 
w/w, 2% w/w final concentration active ingredient, (2) Dow 
Coming 749 Fluid (50% active ingredient in decamethylcy­
clopentasiloxane)-60% w/w, 30% w/w active ingredient, 
and (3) Poly(dimethylsiloxane) Dow Coming 200® fluid, 
viscosity 5.0 cSt (25° C.)-20% w/w. 
[0148] Partition-a separated portion of a bulk volume. 
The partition may be a sample partition generated from a 
sample, such as a prepared sample, that forms the bulk vol­
ume. Partitions generated from a bulk volume may be sub­
stantially uniform in size or may have distinct sizes ( e.g., sets 
of partitions of two or more discrete, uniform sizes). Exem­
plary partitions are droplets. Partitions may also vary continu­
ously in size with a predetermined size distribution or with a 
random size distribution. 
[0149] Droplet-a small volume ofliquid, typically with a 
spherical shape, encapsulated by an immiscible fluid, such as 
a continuous phase of an emulsion. The volume of a droplet, 
and/or the average volume of droplets in an emulsion, may, 
for example, be less than about one micro liter (i.e., a "micro­
droplet") ( or between about one micro liter and one nano liter 
or between about one microliter and one picoliter), less than 
about one nano liter ( or between about one nano liter and one 
picoliter ), or less than about one pico liter ( or between about 
one pico liter and one femtoliter), among others. A droplet ( or 
droplets of an emulsion) may have a diameter ( or an average 
diameter) ofless than about 1000, 100, or 10 micrometers, or 
of about 1000 to 10 micrometers, among others. A droplet 
may be spherical or nonspherical. A droplet may be a simple 
droplet or a compound droplet, that is, a droplet in which at 
least one droplet encapsulates at least one other droplet. 
[0150] Surfactant-a surface-active agent capable of 
reducing the surface tension of a liquid in which it is dis­
solved, and/or the interfacial tension with another phase. A 
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surfactant, which also or alternatively may be described as a 
detergent and/or a wetting agent, incorporates both a hydro­
philic portion and a hydrophobic portion, which collectively 
confer a dual hydrophilic-lipophilic character on the surfac­
tant. A surfactant may be characterized according to a Hydro­
phile-Lipophile Balance (HLB) value, which is a measure of 
the surfactant's hydrophilicity compared to its lipophilicity. 
HLB values range from 0-60 and define the relative affinity of 
a surfactant for water and oil. Nonionic surfactants generally 
have HLB values ranging from 0-20 and ionic surfactants 
may have HLB values of up to 60. Hydrophilic surfactants 
have HLB values greater than about 10 and a greater affinity 
for water than oil. Lipophilic surfactants have HLB values 
less than about 10 and a greater affinity for oil than water. The 
emulsions disclosed herein and/or any phase thereof, may 
include at least one hydrophilic surfactant, at least one lipo­
philic surfactant, or a combination thereof. Alternatively, or in 
addition, the emulsions disclosed herein and/or any phase 
thereof, may include at least one nonionic (and/or ionic) 
detergent. Furthermore, an emulsion disclosed herein and/or 
any phase thereof may include a surfactant comprising poly­
ethyleneglycol, polypropyleneglycol, or Tween 20, among 
others. 

[0151] Packet-a set of droplets or other isolated partitions 
disposed in the same continuous volume or volume region of 
a continuous phase. A packet thus may, for example, consti­
tute all of the droplets of an emulsion or may constitute a 
segregated fraction of such droplets at a position along a 
channel. Typically, a packet refers to a collection of droplets 
that when analyzed in partial or total give a statistically rel­
evant sampling to quantitatively make a prediction regarding 
a property of the entire starting sample from which the initial 
packet of droplets was made. The packet of droplets also 
indicates a spatial proximity between the first and the last 
droplets of the packet in a channel. 

[0152] As an analogy with information technology, each 
droplet serves as a "bit" of information that may contain 
sequence specific information from a target analyte within a 
starting sample. A packet of droplets is then the sum of all 
these "bits" of information that together provide statistically 
relevant information on the analyte of interest from the start­
ing sample. As with a binary computer, a packet of droplets is 
analogous to the contiguous sequence of bits that comprises 
the smallest unit of binary data on which meaningful compu­
tations can be applied. A packet of droplets can be encoded 
temporally and/or spatially relative to other packets that are 
also disposed in a continuous phase (such as in a flow stream), 
and/or with the addition of other encoded information (opti­
cal, magnetic, etc.) that uniquely identifies the packet relative 
to other packets. 

[0153] Test-a procedure(s) and/or reaction(s) used to 
characterize a sample, and any signal(s), value(s), data, and/ 
or result( s) obtained from the procedure( s) and/ or reaction( s ). 
A test also may be described as an assay. Exemplary droplet­
based assays are biochemical assays using aqueous assay 
mixtures. More particularly, the droplet-based assays may be 
enzyme assays and/or binding assays, among others. The 
enzyme assays may, for example, determine whether indi­
vidual droplets contain a copy of a substrate molecule ( e.g., a 
nucleic acid target) for an enzyme and/or a copy of an enzyme 
molecule. Based on these assay results, a concentration and/ 
or copy number of the substrate and/or the enzyme in a 
sample may be estimated. 
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[0154] Reaction-a chemical reaction, a binding interac­
tion, a phenotypic change, or a combination thereof, which 
generally provides a detectable signal ( e.g., a fluorescence 
signal) indicating occurrence and/or an extent of occurrence 
of the reaction. An exemplary reaction is an enzyme reaction 
that involves an enzyme-catalyzed conversion of a substrate 
to a product. 

[0155] Any suitable enzyme reactions may be performed in 
the droplet-based assays disclosed herein. For example, the 
reactions may be catalyzed by a kinase, nuclease, nucleotide 
cyclase, nucleotide ligase, nucleotide phosphodiesterase, 
polymerase (DNA or RNA), prenyl transferase, pyro­
phospatase, reporter enzyme ( e.g., alkaline phosphatase, 
beta-galactosidase, chloramphenicol acetyl transferse, glucu­
ronidase, horse radish peroxidase, luciferase, etc.), reverse 
transcriptase, topoisomerase, etc. 

[0156] Sample-a compound, composition, and/or mix­
ture of interest, from any suitable source(s). A sample is the 
general subject of interest for a test that analyzes an aspect of 
the sample, such as an aspect related to at least one analyte 
that may be present in the sample. Samples may be analyzed 
in their natural state, as collected, and/or in an altered state, 
for example, following storage, preservation, extraction, 
lysis, dilution, concentration, purification, filtration, mixing 
with one or more reagents, pre-amplification ( e.g., to achieve 
target enrichment by performing limited cycles ( e.g., <15) of 
PCR on sample prior to PCR), removal of amplicon (e.g., 
treatment with uracil-d-glycosylase (UDG) prior to PCR to 
eliminate any carry-over contamination by a previously gen­
erated amplicon (i.e., the amplicon is digestable with UDG 
because it is generated with dUTP instead of dTTP)), parti­
tioning, or any combination thereof, among others. Clinical 
samples may include nasopharyngeal wash, blood, plasma, 
cell-free plasma, buffy coat, saliva, urine, stool, sputum, 
mucous, wound swab, tissue biopsy, milk, a fluid aspirate, a 
swab ( e.g., a nasopharyngeal swab), and/or tissue, among 
others. Environmental samples may include water, soil, aero­
sol, and/or air, among others. Research samples may include 
cultured cells, primary cells, bacteria, spores, viruses, small 
organisms, any of the clinical samples listed above, or the 
like. Additional samples may include foodstuffs, weapons 
components, biodefense samples to be tested for bio-threat 
agents, suspected contaminants, and so on. 

[0157] Samples may be collected for diagnostic purposes 
( e.g., the quantitative measurement of a clinical analyte such 
as an infectious agent) or for monitoring purposes (e.g., to 
determine that an environmental analyte of interest such as a 
bio-threat agent has exceeded a predetermined threshold). 

[0158] Analyte-a component(s) or potential component 
(s) of a sample that is analyzed in a test. An analyte is a 
specific subject of interest in a test where the sample is the 
general subject of interest. An analyte may, for example, be a 
nucleic acid, protein, peptide, enzyme, cell, bacteria, spore, 
virus, organelle, macromolecular assembly, drug candidate, 
lipid, carbohydrate, metabolite, or any combination thereof, 
among others. An analyte may be tested for its presence, 
activity, and/or other characteristic in a sample and/or in 
partitions thereof. The presence of an analyte may relate to an 
absolute or relative number, concentration, binary assessment 
(e.g., present or absent), or the like, of the analyte in a sample 
or in one or more partitions thereof. In some examples, a 
sample may be partitioned such that a copy of the analyte is 
not present in all of the partitions, such as being present in the 

BIO-RAD EX.1026.073



US 2010/0173394 Al 

part1t10ns at an average concentration of about 0.0001 to 
10,000, 0.001 to 1000, 0.01 to 100, 0.1 to 10, or one copy per 
partition. 

[0159] Reagent-a compound, set of compounds, and/or 
composition that is combined with a sample in order to per­
form a particular test(s) on the sample. A reagent may be a 
target-specific reagent, which is any reagent composition that 
confers specificity for detection of a particular target( s) or 
analyte( s) in a test. A reagent optionally may include a chemi­
cal reactant and/or a binding partner for the test. A reagent 
may, for example, include at least one nucleic acid, protein 
(e.g., an enzyme), cell, virus, organelle, macromolecular 
assembly, potential drug, lipid, carbohydrate, inorganic sub­
stance, or any combination thereof, and may be an aqueous 
composition, among others. In exemplary embodiments, the 
reagent may be an amplification reagent, which may include 
at least one primer or at least one pair of primers for ampli­
fication of a nucleic acid target, at least one probe and/or dye 
to enable detection of amplification, a polymerase, nucle­
otides (dNTPs and/or NTPs), divalent magnesium ions, 
potassium chloride, buffer, or any combination thereof, 
among others. 
[0160] Nucleic acid-a compound comprising a chain of 
nucleotide monomers. A nucleic acid may be single-stranded 
or double-stranded (i.e., base-paired with another nucleic 
acid), among others. The chain of a nucleic acid may be 
composed of any suitable number of monomers, such as at 
least about ten or one-hundred, among others. Generally, the 
length of a nucleic acid chain corresponds to its source, with 
synthetic nucleic acids (e.g., primers and probes) typically 
being shorter, and biologically/enzymatically generated 
nucleic acids (e.g., nucleic acid analytes) typically being 
longer. 
[0161] A nucleic acid may have a natural or artificial struc­
ture, or a combination thereof. Nucleic acids with a natural 
structure, namely, deoxyribonucleic acid (DNA) and ribo­
nucleic acid (RNA), generally have a backbone of alternating 
pentose sugar groups and phosphate groups. Each pentose 
group is linked to anucleobase (e.g., a purine (such as adenine 
(A) or guanine (T)) or a pyrimidine (such as cytosine (C), 
thymine (T), or uracil (U))). Nucleic acids with an artificial 
structure are analogs of natural nucleic acids and may, for 
example, be created by changes to the pentose and/or phos­
phate groups of the natural backbone. Exemplary artificial 
nucleic acids include glycol nucleic acids (GNA), peptide 
nucleic acids (PNA), locked nucleic acid (LNA), threose 
nucleic acids (TNA), and the like. 
[0162] The sequence of a nucleic acid is defined by the 
order in which nucleobases are arranged along the backbone. 
This sequence generally determines the ability of the nucleic 
acid to bind specifically to a partner chain ( or to form an 
intramolecular duplex) by hydrogen bonding. In particular, 
adenine pairs with thymine ( or uracil) and guanine pairs with 
cytosine. A nucleic acid that can bind to another nucleic acid 
in an antiparallel fashion by forming a consecutive string of 
such base pairs with the other nucleic acid is termed "comple­
mentary." 

[0163] Replication-a process forming a copy (i.e., a direct 
copy and/or a complementary copy) of a nucleic acid or a 
segment thereof. Replication generally involves an enzyme, 
such as a polymerase and/or a ligase, among others. The 
nucleic acid and/or segment replicated is a template ( and/or a 
target) for replication. 
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[0164] Amplification-a reaction in which replication 
occurs repeatedly over time to form multiple copies of at least 
one segment of a template molecule. Amplification may gen­
erate an exponential or linear increase in the number of copies 
as amplification proceeds. Typical amplifications produce a 
greater than 1,000-fold increase in copy number and/or sig­
nal. Exemplary amplification reactions for the droplet-based 
assays disclosed herein may include the polymerase chain 
reaction (PCR) or ligase chain reaction, each of which is 
driven by thermal cycling. The droplet-based assays also or 
alternatively may use other amplification reactions, which 
may be performed isothermally, such as branched-probe 
DNA assays, cascade-RCA, helicase-dependent amplifica­
tion, loop-mediated isothermal amplification (LAMP), 
nucleic acid based amplification (NASBA), nicking enzyme 
amplification reaction (NEAR), PAN-AC, Q-beta replicase 
amplification, rolling circle replication (RCA), self-sustain­
ing sequence replication, strand-displacement amplification, 
and the like. Amplification may utilize a linear or circular 
template. 

[0165] Amplification may be performed with any suitable 
reagents. Amplification may be performed, or tested for its 
occurrence, in an amplification mixture, which is any com­
position capable of generating multiple copies of a nucleic 
acid target molecule, if present, in the composition. An ampli­
fication mixture may include any combination of at least one 
primer or primer pair, at least one probe, at least one replica­
tion enzyme ( e.g., at least one polymerase, such as at least one 
DNA and/or RNA polymerase), and deoxynucleotide ( and/or 
nucleotide) triphosphates ( dNTPs and/or NTPs ), among oth­
ers. Further aspects of assay mixtures and detection strategies 
that enable multiplexed amplification and detection of two or 
more target species in the same droplet are described else­
where herein, such as in Section X, among others. 
[0166] PCR-nucleic acid amplification that relies on 
alternating cycles of heating and cooling (i.e., thermal 
cycling) to achieve successive rounds of replication. PCR 
may be performed by thermal cycling between two or more 
temperature set points, such as a higher melting ( denatur­
ation) temperature and a lower amiealing/extension tempera­
ture, or among three or more temperature set points, such as a 
higher melting temperature, a lower amiealing temperature, 
and an intermediate extension temperature, among others. 
PCRmay be performed with a thermostable polymerase, such 
as Taq DNA polymerase (e.g., wild-type enzyme, a Stoffel 
fragment, FastStart polymerase, etc.), Pfu DNA polymerase, 
S-Tbr polymerase, Tth polymerase, Vent polymerase, or a 
combination thereof, among others. PCR generally produces 
an exponential increase in the amount of a product amplicon 
over successive cycles. 
[0167] Any suitable PCR methodology or combination of 
methodologies may be utilized in the droplet-based assays 
disclosed herein, such as allele-specific PCR, assembly PCR, 
asymmetric PCR, digital PCR, endpoint PCR, hot-start PCR, 
in situ PCR, intersequence-specific PCR, inverse PCR, linear 
after exponential PCR, ligation-mediated PCR, methylation­
specific PCR, miniprimer PCR, multiplex ligation-dependent 
probe amplification, multiplex PCR, nested PCR, overlap­
extension PCR, polymerase cycling assembly, qualitative 
PCR, quantitative PCR, real-time PCR, RT-PCR, single-cell 
PCR, solid-phase PCR, thermal asymmetric interlaced PCR, 
touchdown PCR, or universal fast walking PCR, among 
others. 
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[0168] Digital PCR-PCR performed on portions of a 
sample to determine the presence/absence, concentration, 
and/or copy number of a nucleic acid target in the sample, 
based on how many of the sample portions support amplifi­
cation of the target. Digital PCR may ( or may not) be per­
formed as endpoint PCR. Digital PCR may (or may not) be 
performed as real-time PCR for each of the partitions. 
[0169] PCR theoretically results in an exponential amplifi­
cation of a nucleic acid sequence ( analyte) from a sample. By 
measuring the number of amplification cycles required to 
achieve a threshold level of amplification (as in real-time 
PCR), one can theoretically calculate the starting concentra­
tion of nucleic acid. In practice, however, there are many 
factors that make the PCR process non-exponential, such as 
varying amplification efficiencies, low copy numbers of start­
ing nucleic acid, and competition with background contami­
nant nucleic acid. Digital PCR is generally insensitive to these 
factors, since it does not rely on the assumption that the PCR 
process is exponential. In digital PCR, individual nucleic acid 
molecules are separated from the initial sample into parti­
tions, then amplified to detectable levels. Each partition then 
provides digital information on the presence or absence of 
each individual nucleic acid molecule within each partition. 
When enough partitions are measured using this technique, 
the digital information can be consolidated to make a statis­
tically relevant measure of starting concentration for the 
nucleic acid target (analyte) in the sample. 
[0170] The concept of digital PCR may be extended to 
other types of analytes, besides nucleic acids. In particular, a 
signal amplification reaction may be utilized to permit detec­
tion of a single copy of a molecule of the analyte in individual 
droplets, to permit data analysis of droplet signals for other 
analytes in the manner described in Section VII ( e.g., using an 
algorithm based on Poisson statistics). Exemplary signal 
amplification reactions that permit detection of single copies 
of other types of analytes in droplets include enzyme reac­
tions. 
[0171] Qualitative PCR-a PCR-based analysis that deter­
mines whether or not a target is present in a sample, generally 
without any substantial quantification of target presence. In 
exemplary embodiments, digital PCR that is qualitative may 
be performed by determining whether a packet of droplets 
contains at least a predefined percentage of positive droplets 
(a positive sample) or not (a negative sample). 
[0172] Quantitative PCR-a PCR-based analysis that 
determines a concentration and/or copy number of a target in 
a sample. 
[0173] RT-PCR (reverse transcription-PCR)-PCR utiliz­
ing a complementary DNA template produced by reverse 
transcription of RNA. RT-PCR permits analysis of an RNA 
sample by (1) forming complementary DNA copies of RNA, 
such as with a reverse transcriptase enzyme, and (2) PCR 
amplification using the complementary DNA as a template. 
In some embodiments, the same enzyme, such as Tth poly­
merase, may be used for reverse transcription and PCR. 
[0174] Real-time PCR-a PCR-based analysis in which 
amplicon formation is measured during the reaction, such as 
after completion of one or more thermal cycles prior to the 
final thermal cycle of the reaction. Real-time PCR generally 
provides quantification of a target based on the kinetics of 
target amplification. 
[0175] Endpoint PCR-a PCR-based analysis in which 
amplicon formation is measured after the completion of ther­
mal cycling. 
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[0176] Amplicon-a product of an amplification reaction. 
An amplicon may be single-stranded or double-stranded, or a 
combination thereof. An amplicon corresponds to any suit­
able segment or the entire length of a nucleic acid target. 
[0177] Primer-a nucleic acid capable of, and/or used for, 
priming replication of a nucleic acid template. Thus, a primer 
is a shorter nucleic acid that is complementary to a longer 
template. During replication, the primer is extended, based on 
the template sequence, to produce a longer nucleic acid that is 
a complementary copy of the template. A primer may be 
DNA, RNA, an analog thereof (i.e., an artificial nucleic acid), 
or any combination thereof. A primer may have any suitable 
length, such as at least about 10, 15, 20, or 30 nucleotides. 
Exemplary primers are synthesized chemically. Primers may 
be supplied as at least one pair of primers for amplification of 
at least one nucleic acid target. A pair of primers may be a 
sense primer and an antisense primer that collectively define 
the opposing ends ( and thus the length) of a resulting ampli­
con. 
[0178] Probe-a nucleic acid connected to at least one 
label, such as at least one dye. A probe may be a sequence­
specific binding partner for a nucleic acid target and/or ampli­
con. The probe may be designed to enable detection of target 
amplification based on fluorescence resonance energy trans­
fer (FRET). An exemplary probe for the nucleic acid assays 
disclosed herein includes one or more nucleic acids con­
nected to a pair of dyes that collectively exhibit fluorescence 
resonance energy transfer (FRET) when proximate one 
another. The pair of dyes may provide first and second emit­
ters, or an emitter and a quencher, among others. Fluores­
cence emission from the pair of dyes changes when the dyes 
are separated from one another, such as by cleavage of the 
probe during primer extension ( e.g., a 5' nuclease assay, such 
as with a TAQMAN probe), or when the probe hybridizes to 
an amplicon (e.g., a molecular beacon probe). The nucleic 
acid portion of the probe may have any suitable structure or 
origin, for example, the portion may be a locked nucleic acid, 
a member of a universal probe library, or the like. In other 
cases, a probe and one of the primers ofa primer pair may be 
combined in the same molecule ( e.g., AMPLIFLUOR prim­
ers or SCORPION primers). As an example, the primer-probe 
molecule may include a primer sequence at its 3' end and a 
molecular beacon-style probe at its 5' end. With this arrange­
ment, related primer-probe molecules labeled with different 
dyes can be used in a multiplexed assay with the same reverse 
primer to quantify target sequences differing by a single 
nucleotide (single nucleotide polymorphisms (SNPs)). 
Another exemplary probe for droplet-based nucleic acid 
assays is a Plexor primer. 
[0179] Label-an identifying and/or distinguishing marker 
or identifier connected to or incorporated into any entity, such 
as a compound, biological particle ( e.g., a cell, bacteria, 
spore, virus, or organelle), or droplet. A label may, for 
example, be a dye that renders an entity optically detectable 
and/or optically distinguishable. Exemplary dyes used for 
labeling are fluorescent dyes (fluorophores) and fluorescence 
quenchers. 
[0180] Reporter-a compound or set of compounds that 
reports a condition, such as the extent of a reaction. Exem­
plary reporters comprise at least one dye, such as a fluorescent 
dye or an energy transfer pair, and/ or at least one oligonucle­
otide. Exemplary reporters for nucleic acid amplification 
assays may include a probe and/or an intercalating dye ( e.g., 
SYBR Green, ethidium bromide, etc.). 
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[0181] Code-a mechanism for differentiating distinct 
members of a set. Exemplary codes to differentiate different 
types of droplets may include different droplet sizes, dyes, 
combinations of dyes, amounts of one or more dyes, enclosed 
code particles, or any combination thereof, among others. A 
code may, for example, be used to distinguish different pack­
ets of droplets, or different types of droplets within a packet, 
among others. 
[0182] Binding partner-a member of a pair of members 
that bind to one another. Each member may be a compound or 
biological particle ( e.g., a cell, bacteria, spore, virus, 
organelle, or the like), among others. Binding partners may 
bind specifically to one another. Specific binding may be 
characterized by a dissociation constant of less than about 
10-4

, 10-6
, 10-8

, or 10-0 M. Exemplary specific binding part­
ners include biotin and avidin/streptavidin, a sense nucleic 
acid and a complementary antisense nucleic acid (e.g., a 
probe and an amplicon), a primer and its target, an antibody 
and a corresponding antigen, a receptor and its ligand, and the 
like. 
[0183] Channel-an elongate passage for fluid travel. A 
channel generally includes at least one inlet, where fluid 
enters the channel, and at least one outlet, where fluid exits the 
channel. The functions of the inlet and the outlet may be 
interchangeable, that is, fluid may flow through a channel in 
only one direction or in opposing directions, generally at 
different times. A channel may include walls that define and 
enclose the passage between the inlet and the outlet. A chan­
nel may, for example, be formed by a tube ( e.g., a capillary 
tube), in or on a planar structure ( e.g., a chip), or a combina­
tion thereof, among others. A channel may or may not branch. 
A channel may be linear or nonlinear. Exemplary nonlinear 
channels include a channel extending along a planar flow path 
(e.g., a serpentine channel) a nonplanar flow path (e.g., a 
helical channel to provide a helical flow path). Any of the 
channels disclosed herein may be a microfluidic channel, 
which is a channel having a characteristic transverse dimen­
sion (e.g., the channel's average diameter) ofless than about 
one millimeter. Channels also may include one or more vent­
ing mechanisms to allow fluid to enter/exit without the need 
for an open outlet. Examples of venting mechanisms include 
but are not limited to hydrophobic vent openings or the use of 
porous materials to either make up a portion of the channel or 
to block an outlet if present. 
[0184] Fluidics Network-an assembly for manipulating 
fluid, generally by transferring fluid between compartments 
of the assembly and/or by driving flow of fluid along and/or 
through one or more flow paths defined by the assembly. A 
fluidics network may include any suitable structure, such as 
one or more channels, chambers, reservoirs, valves, pumps, 
thermal control devices ( e.g., heaters/coolers), sensors ( e.g., 
for measuring temperature, pressure, flow, etc.), or any com­
bination thereof, among others. 

II. System Overview/ Architecture 

[0185] This Section describes the architecture of illustra­
tive systems, including methods and apparatus, for droplet­
based assays. The features and aspects of the systems dis­
closed in this Section may be combined with one another 
and/or with any suitable aspects and features of methods and 
apparatus shown and/or described elsewhere in the present 
disclosure. Additional pertinent disclosure may be found in 
the U.S. provisional patent applications listed above under 
Cross-References and incorporated herein by reference, par-
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ticularly Ser. No. ___ , filed Sep. 22, 2009, titled DROP-
LET-BASED ASSAY SYSTEM, and naming Benjamin J. 
Hindson, Kevin Dean Ness, Billy W. Colston, Jr., Fred P. 
Milanovich, Donald A. Modlin, andAnthony J. Makarewicz, 
Jr., as inventors. 

A. Exemplary Instrument-Cartridge System for Sample 
Preparation and Analysis 

[0186] FIGS. 2 and 3A show perspective and schematic 
views, respectively, of an exemplary system 600 for perform­
ing droplet-based assays. System 610 may comprise an 
instrument 612 and one or more sample cartridges 614 that 
connect to the instrument, to provide sample preparation that 
is actuated and controlled by the instrument. Sample prepa­
ration may include any combination of the processes dis­
closed in Section III or elsewhere in the present disclosure, 
such as extraction, purification, lysis, concentration, dilution, 
reagent mixing, and/or droplet generation, among others. 
Instrument 612 may perform amplification of nucleic acid in 
the droplets, detection of signals from the droplets, and data 
analysis, among others. 
[0187] Instrument 612 may be equipped with a sample 
loading region 616, a reagent fluidics assembly 618, a thermal 
cycler 620, a detector 622, control electronics 624 (i.e., a 
controller), and a user interface 626, among others. The 
instrument also may include a housing 628, which may sup­
port, position, fix, enclose, protect, insulate, and/or permit/ 
restrict access to each other instrument component. 
[0188] Sample loading region 616 may permit placement 
of sample cartridges 614 into the instrument, generally after a 
sample has been introduced into a port of each cartridge. The 
sample loading region may have an open configuration for 
receiving sample cartridges and a closed configuration that 
restricts cartridge introduction and removal ( e.g., during 
instrument actuation of loaded sample cartridges). For 
example, the sample loading region may include a tray 630 
that is an extendible and retractable and that receives the 
sample cartridges and positions the cartridges for operational 
engagement with instrument 612. The tray may be pulled out 
manually for loading sample cartridges into the tray and 
pushed in manually for cartridge operation, or may be 
coupled to a drive mechanism that drives opening and closing 
of the sample loading region. 
[0189] Sample cartridges 614 are depicted in various posi­
tions in FIG. 2. Some of the cartridges have been loaded into 
tray 630, which is extended, while other cartridges are dis­
posed outside instrument 612 ( e.g., stacked, indicated at 632), 
before or after their use with the instrument. The sample 
cartridges may be primed/loaded with one or more fluid 
reagents before the cartridges are connected to the instrument 
( e.g., during cartridge manufacture), and/or the sample car­
tridges may be primed with one or more fluid reagents sup­
plied by the instrument. Further aspects of sample cartridges 
that may be suitable for use with instrument 612 are described 
elsewhere in the present disclosure, particularly in Section III. 
[0190] FIG. 3B shows a schematic view of selected aspects 
of system 610. The arrows extending across junctions 
between system components generally show directions of 
fluid or data flow within the system. The line segments 
extending across the junctions indicate an electrical connec­
tion and/or signal communication. 
[0191] Sample cartridges 614 may receive fluid for sample 
preparation from reagent fluidics assembly 618. Fluidics 
assembly 618 may include reagent cartridges or containers 
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634 (also see FIG. 2), which may be disposable and/or reus­
able (i.e., refillable). Fluidics assembly 618 also may include 
sample cartridge fluidics 636, which, in conjunction with a 
fluidics controller and injector 638, enable controlled fluid 
flow. For example, fluid may flow from the reagent cartridges 
to the sample cartridges, may flow within each sample car­
tridge, and/or may flow from each sample cartridge to thermal 
cycler 620 as droplets disposed in an immiscible carrier fluid. 
[0192] Thermal cycler 620 may subject the droplets to ther­
mal cycles that promote amplification, in preparation for 
detection of droplet signals by detector 622. Further aspects 
of thermal cyders and detectors are described elsewhere 
herein, such as in Sections V and VI. After detection, the 
droplets and carrier fluid may flow to a waste receptacle 640. 
[0193] Data from detector 622 may be communicated to 
control electronics 624. The control electronics may analyze 
the data ( e.g., as described in Section VII), and communicate 
the data to user interface 626, among others. The control 
electronics also may receive input data, such as preferences, 
instructions, and/or commands, from the user interface. The 
control electronics may be in communication with and/or 
may be programmed to control any other aspects of system 
600. For example, the control electronics may be in commu­
nication with cartridges 614. In some embodiments, each 
cartridge may be a "smart cartridge" that carries a memory 
device 627. The memory device may be readable by the 
controller, and, optionally, writable, too. The memory device 
may carry information about the cartridge, such as reagents 
pre-loaded to the cartridge, data about the loaded sample, 
aspects of sample processing performed by the cartridge, or 
any combination thereof, among others. The control electron­
ics also may be connected to an external communication port 
642, which also may provide data input/output. A power 
supply 644 ( e.g., a line or battery power source) may provide 
power to the control electronics. The power may be condi­
tioned by any suitable element(s) (e.g., a rectifier) between 
the power supply and the control electronics. 

B. Exemplary Instrument for Analysis of Pre-Prepared 
Samples 

[0194] FIG. 4 shows another exemplary system constructed 
as an instrument 650 for performing droplet-based assays. 
Instrument 650 may be capable of performing droplet-based 
assays of nucleic acid amplification, generally as described 
above for system 610. However, instrument 650 may be 
designed to process and analyze samples that are supplied as 
pre-formed emulsions or prepared samples (e.g., purified 
nucleic acids that are not yet in emulsion form). 
[0195] Instrument 650 may be equipped with a sample 
loading region 652, a reagent fluidics assembly 654, a thermal 
cycler 656, a detector 658, control electronics 660 (i.e., a 
controller), a user interface 662, and a housing 664, among 
others, which each may function generally as described above 
for system 610. However, sample loading, region 652 and 
reagent fluidics assembly 654 may differ from the analogous 
structures in instrument 612. In particular, the sample prepa­
ration procedures performed in the sample cartridges of sys­
tem 610 (see FIG. 2) are performed outside ofinstrument 650, 
before sample loading. 
[0196] Sample loading region 652 may include a tray 666 
and an array of compartments or reservoirs 668, such as wells. 
Reservoirs 668 may be provided by a plate 670, such as a 
microplate, which may be received and/or supported by the 
tray. Plate 670 may be removable, to permit placing samples 
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into reservoirs 668 while the plate is spaced from the instru­
ment. Alternatively, or in addition, samples may be placed 
into reservoirs 668 while the reservoirs are supported by the 
tray/instrument. In some examples, plate 670 may be a drop­
let generator plate ( e.g., see below in this Section and Sections 
III and IV). If structured as a droplet generator plate, the plate 
may generate droplets before or after the plate is loaded into 
instrument 650. 
[0197] Each reservoir may receive a pre-prepared sample. 
The pre-prepared sample may or may not be in emulsion 
form. If not in emulsion form, the sample may have been 
processed before loading into the reservoir ( e.g., processed by 
extraction, purification, lysis, concentration, dilution, reagent 
mixing, or any combination thereof), to ready the sample for 
droplet generation. Alternatively, the sample may be a pre­
formed emulsion of droplets in an immiscible carrier fluid. 
The emulsion may be formed prior to loading the sample into 
the reservoir by partitioning into droplets an assay mixture 
that includes a sample and at least one reagent. Each droplet 
thus may contain a partition of the sample. Droplet packets 
from the emulsions may be transported serially or in parallel 
from reservoirs 668 to at least one thermal cycler 656 of the 
instrument. 
[0198] User interface 662 of instrument 650 may ( or may 
not) be different in configuration from user interface 626 of 
system 610 (compare FIGS. 2 and 4). For example, user 
interface 662 may be spaced from the body of instrument 650 
( e.g., disposed outside ofand spaced from housing 664). User 
interface 662 may be in wired or wireless communication 
with control electronics 660 of the instrument. 

C. Overview of Droplet-based Assay Systems 

[0199] FIG. 5 shows a flowchart 680 listing exemplary 
steps that may be performed in a method of sample analysis 
using droplet-based assays. The steps listed may be per­
formed in any suitable combination and in any suitable order 
and may be combined with any other step( s) of the present 
disclosure. 
[0200] At least one sample may be loaded, indicated at 682. 
The sample may be loaded by placing the sample into a port 
( e.g., a well, chamber, channel, etc.) defined by any of the 
system components disclosed herein. The sample may be 
loaded in any suitable form, such as unlysed or lysed, purified 
or crude, pre-mixed with reagent or not pre-mixed, diluted or 
concentrated, partitioned into droplets or non-partitioned, or 
the like. In some cases, a plurality of samples may be loaded 
into respective ports and/ or into an array of reservoirs. 
[0201] The sample may be processed, indicated at 684. Any 
suitable combination of sample processing steps may be per­
formed after (and/or before) sample loading to prepare the 
sample for droplet generation. Exemplary processing steps 
are described in Section III. 
[0202] Droplets may be generated from the sample, indi­
cated at 686. For example, droplet generation may be per­
formed after the sample has been modified by mixing it with 
one or more reagents to form a bulk assay mixture. Droplet 
generation may divide the bulk assay mixture into a plurality 
of partitioned assay mixtures ( and thus sample partitions) that 
are isolated from one another in respective droplets by an 
intervening, immiscible carrier fluid. The droplets may be 
generated from a sample serially, such as from one orifice 
and/or one droplet generator (which may be termed an emul­
sion generator). Alternatively, the droplets may be generated 
in parallel from a sample, such as from two or more orifices 
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and/or two or more droplet generators in fluid communication 
with (and/or supplied by) the same sample. As another 
example, droplets may be generated in parallel from a perfo­
rated plate defining an array of orifices. In some examples, the 
droplets may be generated in bulk, such as by agitation or 
sonication, among others. In some examples, a plurality of 
emulsions may be generated, either serially or in parallel, 
from a plurality of samples. 
[0203] Droplets may be loaded (i.e., introduced) into a 
reaction site (also termed a reactor), indicated at 688. The 
droplets may be loaded by flow transport, which may be 
continuous or stopped one or more times. Thus, the droplets 
may ( or may not) be stored, indicated at 690, at one or more 
discrete storage sites, after their generation and before load­
ing into the reaction site. Alternatively, the droplets may be 
loaded into a reaction site without substantial flow, for 
example, with the droplets contained by a vessel that is moved 
to the reaction site. In other examples, the droplets may be 
generated at the reaction site ( e.g., inside a thermal cycler). In 
any event, after droplet generation, droplets may be placed 
into a reaction site with the droplets disposed in a vial ( or 
other vessel), a reaction channel ( e.g., in tubing), an imaging 
chamber/flow cell with a high aspect ratio, or the like. Further 
aspects of droplet manipulation, such as selection for trans­
port/loading, transport, storage, routing, pre-processing ( e.g., 
heating), and concentration are described below in this Sec­
tion. 
[0204] A "reaction site" is a region where droplets are 
subjected to conditions to promote one or more reactions of 
interest, such as nucleic acid amplification. Accordingly, a 
reaction site may provide one or more temperature-controlled 
zones of fixed or varying temperature ( and/or other physical 
conditions) suitable for a particular reaction(s) to be per­
formed and/or promoted in the droplets. The reaction site may 
be a flow-through site, where the droplets are subjected to 
fixed or varying reaction conditions while flowing through at 
least one channel or may be a static site where the droplets are 
subjected to fixed or varying reaction conditions while the 
droplets are disposed in a stationary volume of fluid (i.e., not 
flowing). An exemplary reaction site, namely, a flow-based 
thermal cycler, is included in many of the exemplary systems 
of this Section and is described in more detail in Section V. 
[0205] Droplets may be "reacted," indicated at 692. More 
specifically, the droplets may be subjected to one or more 
suitable reaction conditions in a reaction site, according to the 
type of assay mixture(s) contained by the droplets, such that 
components of the droplets, or the droplets themselves, 
undergo a desired reaction ( or change of state). For example, 
the droplets may be subjected to thermal cycling ( or may be 
processed isothermally) for amplification assays, such as any 
of the assays described in Section I, among others. 
[0206] Reaction of droplets generally subjects the droplets 
to one or more conditions that promote at least one binding 
and/or chemical reaction of interest in the droplets. Reaction 
of droplets also generally subjects the droplets to each con­
dition for a predefined period ( or periods) of time, which may 
be fixed or variable, and may be repeated. The droplets may 
be subjected to two or more conditions serially or in parallel, 
and once or a plurality of times, for example, cyclically. 
Exemplary conditions include a temperature condition (i.e., 
to maintain droplet temperature, heat droplets, and/or or cool 
droplets), exposure to light, variations in pressure, or the like. 
[0207] Droplets may be reacted by flow through a reaction 
site, in a "flow reaction." Droplets may be subjected to at least 
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one condition that is uniform or that varies spatially along a 
flow path through the reaction site. For example, the tempera­
ture along the flow path may vary spatially, to heat and cool 
droplets as the droplets follow the flow path. In other words, 
the reaction site may include one, two, or more temperature­
controlled zones of at least substantially fixed temperature 
that the droplets travel through. Further aspects of flow­
through reaction sites with fixed temperature zones and ther­
mal cycling are described elsewhere herein, such as in Section 
V, among others. 

[0208] Droplets alternatively may be reacted while dis­
posed in a static volume of fluid, that is, without substantial 
fluid flow, in a "static reaction." For example, the droplets 
may react while disposed in a well or a chamber, among 
others. In this case, the droplets may be subjected to a fixed 
condition during the reaction ( e.g., a fixed temperature for an 
isothermal reaction), or to a variable condition that varies 
temporally (i.e., with respect to time) during the reaction 
(without the requirement for the droplets to move). For 
example, the droplets may be held in a temperature-con­
trolled zone that changes in temperature over time, such as 
cyclically to perform PCR. In any event, static reactions may 
permit batch reaction of arrays of emulsions in parallel, such 
as in batch amplification of emulsions. 

[0209] Droplets may be detected, indicated at 694. Detec­
tion may be performed serially while the droplets are flowing 
(i.e., flow-based or dynamic detection). Alternatively, detec­
tion may be performed with the droplets disposed in a static 
volume of fluid (i.e., static detection, such as with flow 
stopped (i.e., stopped-flow detection)). In some examples, 
static detection (or dynamic detection) may include imaging 
a set of substantially static ( or flowing) droplets, which may 
be arranged generally linearly or in a plane, to obtain an image 
of the droplets. Further aspects of detection, including flow­
based and stopped-flow detection are described elsewhere 
herein, such as in Section VI, among others. 

[0210] Dynamic/static modes of reaction and detection 
may be combined in any suitable manner. For example, flow­
based reaction of droplets may be combined with flow-based 
detection or stopped-flow detection (e.g., imaging) of the 
droplets. Alternatively, static reaction of droplets, such as 
batch amplification of emulsions, may be combined with 
flow-based detection or static detection (e.g., imaging) of the 
droplets. 

[0211] Data detected from the droplets may be analyzed, 
indicated at 696. Data analysis may, for example, assign 
droplet signals as positive or negative for amplification of a 
nucleic acid target ( or two or more targets in a multiplexed 
reaction), may determine a number and/or fraction of the 
droplets that are positive for amplification, may estimate a 
total presence (e.g., concentration and/or number of mol­
ecules) of the nucleic acid target in the sample, or the like. 
Further aspects of data analysis are described elsewhere 
herein, such as in Sections VII and VIII, among others. 

[0212] FIG. 6 shows selected portions of an exemplary 
system 700 for performing droplet-based assays. Any one 
component or combination of the depicted system compo­
nents may be omitted from the system, and any additional 
components disclosed elsewhere herein may be added to the 
system. The arrows indicate an exemplary sequence in which 
sample, droplets, and/or data may move between structural 
components of the system. However, each of the structural 
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components may be used more than once with the same 
droplets, and/or may be utilized in a different sequence than 
shown here. 

[0213] System 700 may include one or more of any or each 
of the following components: a sample processor 702 ( also 
termed a sample processing station), a droplet generator 704, 
a droplet transporter 706, a reaction site ( or reactor) 708 (also 
termed a reaction station ( e.g., a heating station, which may 
heat or heat and cool)), a detector 710 ( also termed a detection 
station), and a controller 712, among others. Any combina­
tion of the components may be connected to one another 
physically, fluidically, electrically, and/for signal transfer, 
among others. 

[0214] The components may operate as follows, with ref­
erence to steps of method 680 (FIG. 5). Sample processor 702 
may receive a sample to be analyzed, such as a sample that is 
loaded in step 682, and may process the sample in the manner 
described above for step 684. Droplet generator 704 may 
generate droplets as described for step 686. Droplet trans­
porter 706 may load the droplets generated, as described for 
step 688, and thus may provide selectable transport/loading, 
transport, storage (step 690), routing, pre-processing (e.g., 
heating), and concentration, among others, of the generated 
droplets. Reaction site 708 may enable a flow reaction or a 
static reaction of the loaded droplets, and detector 710 may 
provide dynamic or static detection of droplets, as described 
for step 694. Controller 712 may analyze data received from 
detector 710, as described for step 696. Also, controller 712 
may be in communication with and/or may be programmed to 
control any suitable combination of system components, as 
indicated by dashed lines extending from the controller to 
each other system component. Controller also may contain a 
computer-readable medium ( e.g., a storage device, such as a 
hard drive, CD-ROM, DVD-ROM, floppy disk, flash memory 
device, etc.) including instructions for performing any of the 
methods disclosed herein. 

D. Exemplary System with Flow-based Amplification 

[0215] FIG. 7 shows a schematic view of an exemplary 
system 720 with flow-based amplification and with droplet 
loading that is decoupled from droplet generation. Any one 
component or combination of the depicted system compo­
nents may be omitted from the system, and any additional 
components disclosed elsewhere herein may be added to the 
system. The solid arrows indicate an exemplary sequence in 
which sample 722, reagent 724, and droplets 726 may move 
between structural components of the system. The vertical 
dashed arrows above and below various system components 
indicate optional addition ( e.g., inflow) and/or removal ( e.g., 
outflow) of an immiscible carrier fluid ( e.g., oil) and/or waste 
with respect to these components. 

[0216] System 720 may include a mixer 728 and a droplet 
generator 730. Mixer 728 may receive a sample 722 and at 
least one reagent 724 and combine them to form an assay 
mixture. The mixer may be an automated device, or mixing 
may be performed manually by a user, such as by bulk mix­
ing, before loading the assay mixture into the droplet genera­
tor. Droplet generator 730 may receive the assay mixture from 
the mixer and generate an emulsion 732 of droplets 726 in an 
immiscible carrier fluid 734, such as oil that is introduced into 
the droplet generator, indicated at 736, at the same time as the 
assay mixture. Formation of droplets 726 may be driven by 
pressure and/or pumping, indicated at 738. In some examples, 
the droplet generator may function as the mixer by generating 
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droplets from confluent streams of sample and reagent. Waste 
fluid also may exit the droplet generator, indicated at 740. 
[0217] System 720 may have any suitable number of drop­
let generators. The droplet generators may be used to generate 
any suitable number of separate, distinct emulsions from one 
sample or a plurality of samples, and from one reagent or a 
plurality of reagents ( e.g., reagents for different species of 
nucleic acid target). Exemplary mixers and droplet generators 
are described in Sections III and IV. 
[0218] Emulsion 732 or a set of distinct emulsions may be 
stored in at least one storage site 742 or in a plurality of such 
sites before droplets of the emulsion(s) are reacted. As a 
result, droplet generation may be decoupled from reaction of 
the droplets. The storage site may, for example, be a well, a 
chamber, a tube, or an array thereof, such as formed by a plate 
(e.g., a microplate). 
[0219] System also may include a serial arrangement of a 
droplet transport portion 744, (also termed a droplet trans­
porter) and a thermal cycler 746. Transport portion 744 may 
include a droplet pick-up or intake region 748 that forms an 
inlet at which droplets 726 are transferred from storage site 
7 42 into the transport portion. Transport portion 7 44 also may 
include a droplet loader 750 that sends droplets to thermal 
cycler 746. The transport portion also may include one or 
more storage sites 752 for storing droplets after they have 
been transferred into transport portion 744. 
[0220] In some examples, the transport portion also may be 
capable of loading droplets more directly to the detector, 
without sending them first to the thermal cycler. In particular, 
system 720 may include a bypass channel 753 or bypass 
pathway that connects transport portion 7 44 to the detector 
without travel through the thermal cycler. The system may 
include one or more valves that can be operated to send 
droplets either to bypass channel 753 orto thermal cycler 746. 
The use ofbypass channel 753 may, for example, permit more 
rapid calibration of system components, because calibration 
droplets can travel to the detector faster if thermal cycling is 
omitted. Section VIII describes further aspects of the use of a 
bypass channel and calibration droplets. 
[0221] Carrier fluid and/or waste fluid optionally may be 
removed from storage site 742, droplet pick-up region 748, 
and/or droplet loader 750, indicated respectively at 754-758. 
Alternatively, or in addition, carrier fluid may be added to the 
droplet pick-up region, indicated at 759, and/or the droplet 
loader, indicated at 760, such as to facilitate driving droplets 
into thermal cycler 746 and/or to flush droplets from the 
pick-up region and/or droplet loader. 
[0222] An emulsion including droplets 726 may flow 
through (a) thermal cycler 746, (b) at least one detection site 
(e.g., a detection channel/chamber) adjacent at least one 
detection window 762 that is operatively disposed with 
respect to detector 764, and ( c) through an oil recovery region 
766 and then to a waste receptacle. One or more valves 770 
may be disposed generally between the thermal cycler and the 
detector, to provide control of emulsion flow downstream of 
the thermal cycler, with respect to the at least one detection 
channel/chamber. For example, valves 770 may be operated 
to stop flow of droplets adjacent to the detection window 
and/or to switch flow of the emulsion between two or more 
detection windows ( e.g., see Section VI). Carrier fluid may be 
removed from the emulsion and/or introduced into the emul­
sion in or near thermal cycler 746 and/or detector 764, indi­
cated respectively at 772, 77 4. Removal of carrier fluid may, 
for example, provide a more concentrated emulsion for detec-
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tion. Introduction of carrier fluid may, for example, provide 
flow-focusing of droplets within a detection channel and/or 
with respect to the detection window (e.g., see Section VI). 
Alternatively, or in addition, droplets may be sent to a waste 
receptacle, indicated at 775, for collection from the thermal 
cycler, without traveling through a detection station. 

[0223] Carrier fluid also may be removed from the flow 
stream by oil recovery region 766, indicated at 776. Removal 
may be effected by any suitable mechanism, such as pillars, at 
least one membrane, one or more oil-selective side channels, 
gravity separation, or the like. 

E. Overview of Droplet Manipulation 

[0224] FIGS. 8-10 provide an overview of droplet manipu­
lation, including methods and apparatus, emphasizing drop­
let transport and exemplary types of droplet manipulation that 
may be performed in connection therewith ( e.g., storage, 
concentration, selection, etc.). 

[0225] FIG. 8 shows a flowchart 810 listing exemplary 
steps that may be performed in an exemplary method of 
sample analysis using droplet-based assays in which droplets 
are transported from a droplet generator and/or a droplet 
reservoir to a reaction site. The steps listed may be performed 
in any suitable combination and in any suitable order and may 
be combined with any other suitable step(s) of the present 
disclosure. 

[0226] Droplets may be generated, indicated at 812. The 
droplets may be generated serially, in parallel, or in bulk. 
Further aspects of droplet generation are disclosed elsewhere 
herein, such as in Sections III and VI, among others. 

[0227] The droplets, optionally, may be stored, indicated at 
814. A set of droplets ( e.g., an emulsion) may be stored in a 
droplet reservoir. In some examples, two or more distinct sets 
of droplets may be stored in two or more respective reser­
voirs, such as in an array of emulsions. In some examples, 
storage of the droplets may be omitted. 

[0228] The droplets, optionally, may be concentrated, indi­
cated at 816. Concentrating droplets (also termed concentrat­
ing an emulsion) results in an increase in the number of 
droplets per unit volume of emulsion and increases the vol­
ume fraction occupied by the droplets in an emulsion. Con­
centration of an emulsion may be conducted before, during, 
and/or after droplet storage. 
[0229] One or more of the droplets (including one or more 
packets of droplets) may be transported to a reaction site, 
indicated at 818. Transport may be achieved by continuous 
flow, or by flow initiated selectably in one or more discrete 
stages, after droplet generation and/or initial droplet storage. 
The droplets may be reacted at the reaction site, indicated at 
820. 
[0230] Signals may be detected from droplets of the packet, 
indicated at 822. For example, one or more measurements 
may be performed on one or a plurality of the droplets during 
and/or after reaction of the droplets. Further aspects of droplet 
detection are disclosed elsewhere herein, such as in Section 
VI, among others. 

[0231] FIG. 9 shows a flowchart 830 listing exemplary 
steps that may be included in a step of transporting droplets 
(i.e., step 818) in the method of FIG. 8. 
[0232] A droplet reservoir (also termed an emulsion reser­
voir) may be selected, indicated at 832. The droplet reservoir 
may be selected from an array of droplet reservoirs holding 
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distinct emulsions and/or distinct assay mixtures. Selection 
may be performed by a controller, by a user, or a combination 
thereof. 
[0233] Droplets from the selected reservoir may be trans­
ferred to a droplet transporter, indicated at 834. The trans­
ferred droplets may be referred to as a packet. In some 
examples, a plurality of reservoirs may be selected and a 
plurality of droplet packets from respective selected reser­
voirs may be transferred serially ( or in parallel) to the droplet 
transporter. 
[0234] The packet(s) of droplets, optionally, may be held 
(i.e., stored) by the droplet transporter, indicated at 836. 
Droplets may be stored by the droplet transporter by stopping 
flow of the droplets, such as by isolating the droplets from a 
flow stream traveling to the reaction site. Accordingly, the 
droplets may be held in static (non-flowing) fluid (i.e., with­
out substantial net flow of the continuous phase). 
[0235] The packet of droplets, or at least a portion thereof, 
may be loaded into a reaction site (e.g., a thermal cycler), 
indicated at 838, which may be described as the droplets 
being sent or introduced into the reaction site. Packets of 
droplets may be loaded serially. Alternatively, packets of 
droplets may be loaded in parallel, such as loaded into distinct 
thermal cyders or into separate flow paths through the same 
thermal cycler. In some examples, the step ofholding droplets 
may be omitted, such that transfer of a packet of droplets from 
the reservoir and loading the packet into a reaction site occur 
by continuous flow. 
[0236] FIG. 10 shows selected portions of an exemplary 
system 850 capable of performing the method of FIG. 8. The 
arrows indicate an exemplary sequence in which droplets 
may move between structural components of the system. 
However, each of the structural components may be optional, 
may be used more than once with the same packet of droplets, 
and/or may be utilized in a different sequence than shown 
here. 
[0237] System 850 may incorporate at least one droplet 
generator 852, at least one droplet reservoir 854, at least one 
droplet transporter 856, at least one reaction site 858 (also 
termed a reaction region or droplet processing assembly), and 
at least one detector 860. All or any subset of these structural 
components may be connected to one another, with any suit­
able relative spatial relationships, to form an instrument or an 
instrument-cartridge assembly (e.g., see FIGS. 2-4). In some 
examples, one or more of the system components may be 
utilized remotely, such as a droplet generator that forms drop­
lets ( and/or a droplet reservoir that stores droplets) while the 
droplet generator is not connected to the transporter, reaction 
site, and/or detector. System 850 also may be equipped with 
at least one controller 862, which may be in communication 
with and/or may be programmed to control any suitable com­
bination of system components, as indicated by dashed lines 
extending from the controller to each other system compo­
nent. 
[0238] Droplets formed by droplet generator 852 may be 
transported by droplet transporter 856, after droplet forma­
tion, to reaction site 858, to promote one or more reactions, 
and to detector 860, to provide detection of droplet signals. 
Before and/or during their transport, the droplets may be 
received by at least one droplet reservoir 854 or serially ( or in 
parallel) by two or more droplet reservoirs, and then stored in 
the droplet reservoir(s) for an adjustable (and selectable) 
period of time. Droplet storage is an optional part of the 
system and thus the droplet reservoir may be omitted. 
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[0239] Any suitable droplet generator(s) 852 and detector 
(s) 860 may be incorporated into the system, such as any of 
the droplet generators and/or detectors disclosed herein ( e.g., 
see Sections III, IV, and VI). 
[0240] A "droplet reservoir," also termed a "storage site" or 
"emulsion reservoir," is any compartment where droplets can 
be stored, generally in a static volume of fluid, and then 
accessed at a selectable time. The droplet reservoir may be a 
well, a chamber, or the like. Exemplary droplet reservoirs 
may be provided as an array of isolated or isolatable storage 
sites, such as an array of wells or chambers, among others. 
The array of storage sites may be provided by a plate. 
[0241] Droplet transporter 856 may be composed of one or 
more structures and/or one or more devices that provide 
selectable transport of droplets from at least one droplet gen­
erator and/or at least one droplet reservoir to a reaction site. 
Selectable transport may permit selection of the different 
droplet packets sent to a reaction site, the order in which the 
droplet packets are sent, the time at which each droplet packet 
is sent, etc. Different droplet packets may have different 
sample-reagent combinations, different droplets sizes, differ­
ent sample and/or reagent dilutions, etc. In any event, the 
selection may be performed by a controller, a user, or a 
combination thereof. For example, the selection may be based 
on an order selected by a user and/or programmed into the 
controller, an arbitrary order selected by the controller, or a 
dynamic order determined in real time by the controller based 
on one or more assay results obtained by the system, or a 
combination thereof, among others. 

F. Exemplary Droplet Transporter 

[0242] FIG.11 shows selected aspects of an example 868 of 
droplet transporter 856 (FIG. 10). Transporter 868 may incor­
porate any combination of at least one intake conduit 870, at 
least one outflow conduit 872, at least one storage site 874, 
876, one or more pumps 878 and/or pressure sources/sinks, 
and/or one or more valves 880 (e.g., 2-way, 3-way, 4-way, 
and/or multi-position valves and/or injection loops), among 
others. The transporter also may include one or more unions, 
tees, crosses, debubblers, or any combination thereof, among 
others. 
[0243] Intake conduit 870 may be configured to receive 
droplets 881 by picking up and/or taking in droplets from a 
droplet reservoir 882 ( or continuously from a droplet genera­
tor). Thus, the intake conduit may abut and/or extend into the 
droplet reservoir, to provide contact with an emulsion 884 
containing the droplets, such that fluid can flow from the 
emulsion into the intake conduit. The intake conduit may be 
described as a needle, a tip, a tube, or a combination thereof, 
among others, and may be sized in cross-section to receive 
droplets in single file or multiple file (side-by-side). 
[0244] Outflow conduit 872 may be joined directly to the 
intake conduit or may be separated from the intake conduit by 
one or more valves 880, storage sites 874,876, or the like. For 
example, in FIG. 11, the intake and outflow conduits are 
separated by three valves 880 and two storage sites (874, 
876). 
[0245] Each pump 878 (and/or positive/negative pressure 
source/sink) may drive fluid flow through the intake conduit 
and/or the outflow conduit, and/or to and/or from the holding 
site(s). The pump also may drive fluid through a reaction site 
885, or a distinct pump may be used for this purpose. In some 
examples, droplet transporter 868 may include at least one 
pump ( or pressure source/sink) to transfer droplets into the 
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transporter and at least one other pump ( or pressure sources/ 
sink) to drive droplets out of the transporter for droplet load­
ing into reaction site 885. 

[0246] Each storage site 874, 876 may be connected to 
intake conduit 870 and outflow conduit 872, to permit fluid 
flow between these structures. For example, valves 880 may 
provide selectable and adjustable fluid communication 
between intake conduit 870, outflow conduit 872, and the 
storage sites. The valves also may permit fluid to be sent, 
indicated at 886, from either storage site 874, 876 to a waste 
port. 

[0247] Droplet transporter 868 may include any other suit­
able elements. For example, the transporter further may be 
equipped with a drive assembly 887 that drives relative move­
ment of intake conduit 870 with respect to droplet reservoir 
882, in one, two, or three dimensions. For example, an array 
888 of droplet reservoirs (e.g., a plate with wells) may be 
connected to and/or supported by a stage or other support 
member 890 that is driven in x-, y-, and z-directions, to permit 
selectable placement of the intake conduit into each of the 
reservoirs of the array/plate, in any order. In other examples, 
the droplet reservoirs may remain stationary while the intake 
conduit is driven into contact with the contents of selected 
reservoirs. Droplet transporter 868 also or alternatively may 
incorporate at least one heater 892, which may be positioned 
to apply heat to any suitable portion ( or all) of the droplet 
transporter, such as droplet reservoirs 882, intake conduit 
870, one or more storage sites 874,876, outflow conduit 872, 
or any combination thereof, among others. Application of 
heat may pre-process the droplets, prior to loading the drop­
lets into the reaction site, such as to promote an enzyme 
reaction (e.g., reverse transcription), to activate a reagent 
( e.g., an enzyme such as in a hot start prior to an amplification 
reaction; see Section V), or the like. 

[0248] The droplet transporter (and/or any other portion of 
system 850) further may include at least one packing feature 
894 to increase the concentration of droplets. The packing 
feature may increase the volume fraction of an emulsion 
occupied by droplets, which may, for example, be desirable to 
decrease the amount of energy spent on heating carrier fluid, 
to increase the rate at which droplets may be detected by a 
flow-based (serial) detector, and/or to increase the number of 
droplets that may be detected simultaneously by an imaging 
detector, among others. A suitable concentration of droplets 
(i.e., the "packing density") may be achieved during droplet 
generation or the packing density may be increased after 
droplet generation. An increase in packing density may be 
achieved by removing carrier fluid from an emulsion, while 
the emulsion is static ( e.g., during storage) or flowing, and/or 
by selective intake of droplets from a stored emulsion, among 
others. Droplets may be concentrated locally in a stored emul­
sion by (1) centrifugation, (2) gravity coupled with a density 
difference between the droplets and the carrier fluid (i.e., the 
droplets float or sink in the carrier fluid), (3) electrokinetic 
concentration of droplets, (4) magnetic concentration of 
droplets, or the like. The packing density may be increased 
during flow by using one or more side vent lines of smaller 
diameter ( or one or more membranes) that selectively permit 
lateral flow ( and removal) of carrier fluid. Alternatively, or in 
addition, the packing density may be increased during fluid 
flow by utilizing droplet inertia. 
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G. Exemplary System with Coupled Droplet Generation and 
Transport 
[0249] FIG. 12 shows a continuous flow example 910 of 
system 850 (see FIG. 10) in which droplet generation and 
droplet transport to a reaction site are coupled by continuous 
flow such that droplets are not stored. System 910 may com­
prise a serial arrangement of a droplet generator 912, a droplet 
transport region 914, a thermal cycler 916, a detector 918, and 
a waste/collection reservoir 920. Droplet generator 912 may 
be supplied by a carrier fluid, such as oil 922, and a non­
partitioned assay mixture 924 of sample and reagent. The oil 
and the assay mixture each may be driven to droplet generator 
912 by a respective pump or pressure source 926, 928. Here, 
the droplet generator is structured as a cross, but any other 
configuration may be suitable ( e.g., see Sections III and IV). 
Droplets 930 formed by the droplet generator may flow con­
tinuously through droplet transport region 914 to thermal 
cycler 916, due to continuous fluid flow driven by pumps 926, 
928. In other examples, one or more additional pumps or 
pressure sources/sinks may be used to drive flow through the 
thermal cycler. 
H. Exemplary Systems with Decoupling of Droplet Genera­
tion and Transport 
[0250] FIGS. 13 and 14 show exemplary systems with 
decoupling of droplet generation and transport. 
[0251] FIG. 13 shows an example 940 of system 850 in 
which droplet generation and droplet transport to a reaction 
site are decoupled. System 940 may include a droplet reser­
voir 942 holding an emulsion 944 of preformed droplets 946 
in a carrier fluid 948. Droplets 946 may be formed off-line 
from downstream portions of system 940. The droplets, when 
formed by at least one droplet generator, may flow continu­
ously into droplet reservoir 942. Alternatively, the droplets 
may be transferred into the droplet reservoir with a fluid 
transfer device (e.g., a pipette or syringe) from another stor­
age site at a selectable time after droplet generation. In any 
event, droplet reservoir 942 may be placed into connection 
with downstream components of system 940 after ( or before) 
droplet formation, permitting droplets 946 to be stored for an 
adjustable, selectable period of time after (and, optionally, 
before) the droplet reservoir becomes connected to the down­
stream system components. 
[0252] System 940 may incorporate a serial arrangement of 
a droplet transport region 950, a thermal cycler 952, a detector 
954, and at least one pressure source/sink, such as a down­
stream pressure sink ( e.g., syringe pump 956), an upstream 
pressure source 958, or both. Droplet transport region 950 
may include an intake conduit 960 that extends into droplet 
reservoir 942 and into contact and fluid communication with 
emulsion 944. Droplets 946 may be drawn into the intake 
conduit as a result of a negative pressure exerted by a down­
stream vacuum source ( or pressure sink) 956 ( e.g., a syringe 
pump), and/or a positive pressure exerted on emulsion 944 by 
an upstream pressure source 960 ( e.g., another pump), among 
others. As shown here, the droplets may be dispersed non­
uniformly in the emulsion, for example, concentrated selec­
tively toward the top or the bottom of the emulsion by gravity, 
centrifugation, magnetic attraction, electrokinetic motion, 
and/or the like, to permit removal of droplets at a higher 
packing density than the average packing density in the emul­
sion. Alternatively, or in addition, the carrier fluid may be 
removed selectively ( e.g., removed and discarded) where the 
droplet packing density is lower than average. In any event, 
droplets 946 may be driven by continuous flow from the 
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emulsion, through transport region 950 and thermal cycler 
952, past detector 954, and into a reservoir 962 provided by 
syringe pump 956. 
[0253] FIG. 14 shows an example 970 of system 850 that is 
generally related to system 940 of FIG. 13, with selected 
components replicated such that system 970 is capable of 
transporting, reacting, and/or detecting a plurality of droplet 
packets in parallel. System 970 may include a serial arrange­
ment of an emulsion array 972, a droplet transporter 974, a 
thermal cycler 976, one or more detectors 978, and one or 
more pumps or pressure sources/sinks, such as a syringe 
pump 980. 
[0254] Emulsion array 972 may include emulsions 982 
held in an array of droplet reservoirs 984 formed by a plate 
986. The emulsions may be formed separately from the plate 
and then transferred to the plate. Alternatively, the plate may 
be a droplet generator plate incorporating an array of droplet 
generators 988, which form the emulsions contained in drop­
let reservoirs 984. Further aspects of droplet generator plates 
are disclosed below in this Section and in Sections III and IV. 
[0255] Droplet transporter 97 4 may include a line of intake 
conduits or needles 990 for intake of droplets in parallel from 
a row of droplet reservoirs 984 of plate 986. The tips ofintake 
conduits 990 may be spaced to match the spacing of droplet 
reservoirs 984 in each row of the plate. Droplet transporter 
974 also may include a drive assembly 992 that drives relative 
movement of plate 986 and intake conduits 990 in at least two 
dimensions or in three dimensions. In particular, operation of 
the drive assembly may place the intake conduits serially into 
fluid communication with each row of emulsions, in a pre­
defined or selectable order. In other examples, the droplet 
transporter may include a three-dimensional array of intake 
conduits, which may be arranged in correspondence with the 
rows and colunms of droplet reservoirs formed by plate 986, 
to permit parallel uptake of droplets from two or more rows of 
droplet reservoirs ( e.g., all of the droplet reservoirs in paral­
lel). With any arrangement of intake conduits, each intake 
conduit may be connected to a respective valve. Operation of 
the valve may determine whether an intake conduit is active 
or inactive for droplet intake. Alternatively, the intake con­
duits may be connected to the same multi-position valve, 
which may be operated to select only one of the intake con­
duits for droplet intake at a time, to provide serial intake of 
droplets from droplet reservoirs. 
[0256] Droplet intake may be driven by one or more pumps. 
For example, a negative pressure applied by syringe pump 
980 may draw droplets into intake conduits 990. Alterna­
tively, or in addition, a positive pressure applied by a positive 
pressure source, such as a pump 994 of droplet transporter 
974, may push droplets into the intake conduits, in a manner 
analogous to that described for system 940 of FIG. 13. In 
particular, pump 994 may be connected to droplet transporter 
974 via a manifold 996. Each intake conduit may extend 
through the manifold in a sealed relationship with the mani­
fold. The manifold may be movable into a sealed relationship 
with each row of droplet reservoirs, by operation of drive 
assembly 992, to form a sealed chamber 998 over each row 
serially. Accordingly, pump 994 may pressurize the chamber 
to urge droplets from the reservoirs of a row in parallel into 
the intake conduits. 
[0257] Thermal cycler 976 may include a plurality of reac­
tion channels provided by coiled tubes 1000-1014 each form­
ing a separate, respective connection with a different intake 
conduit 990. The coiled tubes may follow a generally helical 
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path interspersed with one another. For example, the tubes 
may be braided together and/or wrapped collectively. In any 
event, droplet transporter 974 may load packets of droplets 
into the coiled tubes in parallel, and the packets may be 
thermally cycled in parallel, while following separate flow 
paths. Droplets from each coiled tube also may be detected in 
parallel, indicated at 1016, by detector 978. In other 
examples, each intake conduit 990 may be connected to a 
respective, distinct thermal cycler, or intake conduits 990 may 
feed droplets into the same coiled tube or other reaction 
channel. 

I. Exemplary Decoupled System Utilizing an Auto sampler 

[0258] FIGS. 15 and 16 show an exemplary system com­
bining decoupling of droplet generation and transport with 
auto sampling. 
[0259] FIG. 15 shows another example 1030 of system 850 
of FIG. 10 in which droplet generation and droplet transport 
to a reaction site are decoupled. System 1030 may incorporate 
a serial arrangement of a reservoir array 1032, a droplet 
transporter 1034 comprising an autosampler 1036, a reaction 
site 1038 (e.g., a thermal cycler 1040), a detector 1042, and a 
waste/collection reservoir 1044. Droplets may travel from 
array 1032 to reaction site 1038 through the action of 
autosampler 1036, may be detected by detector 1042 during/ 
after reaction, and then may be collected after detection by 
reservoir 1044. 
[0260] Reservoir array 1032 may be structured as a plate 
1046 providing an array of droplet reservoirs, such as wells 
1048, each containing droplets 1050. Accordingly, plate 1046 
may be structured as a droplet generator plate having any 
combination of the features described elsewhere herein. 
Alternatively, plate 1046 may hold droplets that were gener­
ated separately from the plate and then transferred to the wells 
of the plate. 
[0261] Autosampler 1036 generally includes any device or 
assembly of devices that provides serial intake of fluid into a 
conduit (e.g., an intake conduit) from an array of reservoirs. 
The autosampler generally is capable of picking up droplets 
from any reservoir or sequence of reservoirs of the array and 
may be controllable to intake a variable volume of fluid from 
each reservoir. The autosampler may include a needle 1052 
that serves as an intake conduit, one or more pumps or pres­
sure sources/sinks 1054, one or more valves 1056, or any 
combination thereof, among others. The autosampler may 
include a drive assembly 1058 that controllably drives motion 
of needle 1052 in three dimensions, such as along three 
orthogonal axes. For example, the drive assembly may permit 
the needle to be positioned in an x-y plane over any selected 
reservoir 1048, and then to be moved along a z-axis, to move 
the needle into contact with fluid in the selected reservoir, for 
droplet intake, and then out of contact with the fluid, for 
movement to another reservoir ( or for intake of air). In other 
examples, the drive assembly may drive movement of the 
array of reservoirs while the needle remains stationary. In 
other examples, there may be a z-axis drive assembly to drive 
z-axis motion of the needle, and an x-y axis drive assembly to 
drive x-y motion of the array of reservoirs, or vice versa. 
[0262] FIG. 16 shows selected portions of system 1030 of 
FIG. 15, with needle 1052 of autosampler 1036 picking up 
droplet packets 1060-1064 from a corresponding respective 
series of wells 1066-1070 of plate 1046. Adjacent droplet 
packets may be separated from one another in autosampler 
1036 by any suitable spacer region 1072. The spacer region 
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may contain one or more segments 1074 of one or more 
spacer fluids. For example, a spacer liquid 1076 may be 
disposed in a well 1078 of the array or in another accessible 
reservoir. Needle 1052 may move to well 1078, to take in 
spacer liquid 1076, after each droplet packet is picked up. 
Alternatively, or in addition, needle 1052 may take in a vol­
ume of a spacer gas, such as air 1080, between packets, while 
the needle is out of contact with liquid. The use of a spacer gas 
is optional. The spacer fluid may contain the same immiscible 
carrier fluid as the droplet packets or a different immiscible 
carrier fluid. In some embodiments, the spacer fluid may be 
labeled, such as with a dye, to make it distinguishable from 
the carrier fluid of a droplet packet and/or to mark a boundary 
(i.e., a leading or trailing end) of a droplet packet. Alterna­
tively, or in addition, the spacer fluid and/or spacer region 
may be distinguishable from a droplet packet by a decrease in 
concentration (i.e., an at least substantial absence) of droplets 
between droplet packets. 
J. Exemplary Systems with Multi-Stage Decoupling 
[0263] FIGS. 17 and 18 show exemplary systems combin­
ing multi-stage decoupling of droplet generation from droplet 
loading into a reaction site, and also show transport with 
autosampling. 
[0264] FIG. 17 shows an example 1090 of system 850 of 
FIG. 10 that enables multi-stage decoupling of droplet gen­
eration and droplet loading into a reaction site. More particu­
larly, system 1090 provides storage of a packet of droplets 
first within an array of emulsions and then in a distinct storage 
site, after intake and prior to loading the packet into a down­
stream reaction site. System 1090 may comprise an emulsion 
array 1092 coupled to a drive assembly 1093. The emulsion 
array may be held by a plate 1094 (e.g., a microplate or 
droplet generator plate). System 1090 also may comprise a 
droplet transporter 1096 that provides selectable intake, hold­
ing, heating, and loading. 
[0265] Droplet transporter 1096 may incorporate an 
autosampler 1098, at least one storage site 1100, and an 
outflow region 1102. Autosampler 1098 may transfer droplet 
packets 1104-1108 into transporter 1096 from selected wells 
of plate 1094, generally as described with respect to FIGS. 15 
and 16. 
[0266] One or more valves 1110, 1112, in cooperation with 
one or more pumps 1114, may be operated to determine the 
flow path and residency time of each packet. For example, 
valve 1110 may be operated to permit the droplet packets to 
flow continuously to a downstream reaction site after each 
packet is transferred into transporter 1096. Alternatively, or in 
addition, valve 1110 may be operated to transfer a droplet 
packet ( or multiple packets, see FIG. 16) along an inflow path, 
indicated by an arrow at 1116, to storage site 1100 (e.g., a 
holding channel or holding chamber). Pump 1114 may be 
utilized to drive fluid movement into the storage site. 
[0267] Droplet packet 1106 may occupy storage site 1100 
for any suitable period of time. In some examples, packet 
1106 may be heated by a heater 1118 while the packet is 
disposed in the storage site. Alternatively, or in addition, 
packet 1106 may be heated upstream of holding site 1100, 
such as while the packet is contained by plate 1094, during 
flow to the holding site, and/or while disposed in outflow 
region 1102, among others. In any event, droplet packet 1106 
may be permitted to leave the holding site by operation of 
valve 1110, to open an outflow path, indicated at 1120, to 
outflow region 1102. Also, pump 1114 may drive flow of 
droplet packet 1106 with the aid of a carrier fluid 1122 
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obtained from a connected reservoir 1124. The carrier fluid 
also may function to flush droplets from the holding site, to 
permit re-use of the site with a different packet of droplets 
without substantial cross-contamination. In any event, pump 
1114 may drive packet 1106 through outflow region 1102, 
and then another pump 1126 may drive the packet to a down­
stream reaction site with the aid of a carrier fluid 1128 
obtained from a connected reservoir 1130. The use of down­
stream pump 1126 permits valve 1110 to be re-positioned, to 
close outflow path 1120 and open inflow path 1116, such that 
pump 1114 can drive another packet (e.g., packet 1104) into 
holding site 1100. 
[0268] FIG. 18 shows another example 1140 of system 850 
(see FIG. 10) that enables multi-stage decoupling of droplet 
generation and droplet loading into a reaction site. System 
1140 is related generally to system 1090 of FIG. 17 but 
includes a plurality of isolatable storage sites 1142-1154 that 
can be accessed in a selectable sequence, to provide loading 
of droplet packets from the storage sites into a reaction site 
according to the sequence. System 1140 may comprise a 
serial arrangement of an emulsion array 1156 coupled to a 
drive assembly 1157. The emulsion array may be held by a 
plate 1158 ( e.g., a droplet generator plate). System 1140 also 
may comprise a droplet transporter 1160. The transporter 
may enable selectable intake of droplet packets from plate 
1158, holding of each packet for an adjustable period of time, 
and selectable loading of the packets into a reaction site. 
[0269] Transporter 1160 may be equipped with an 
autosampler 1162, a temporary holding station 1164, at least 
one pump 1166, and one or more valves 1168-1172, among 
others. Pump 1166 may drive intake of droplets into an intake 
conduit 1174 of autosampler 1162. The droplets may repre­
sent one packet or a plurality of spaced packets. In any event, 
pump 1166 may drive flow of the packet into holding station 
1164. Multi-position valve 1170 then may be operated to 
open a flow path from holding station 1164 to one of storage 
sites 1142-1154, and pump 1166 may drive the packet from 
the station to the storage site. This process may be repeated 
one or more times to place other packets into other storage 
sites 1142-1154. A heater 1176 may apply heat to droplet 
packets disposed in the storage sites. 
[0270] Droplet packets in the storage sites may be loaded 
serially into a downstream reaction site in a selectable order. 
In particularly, valve 1170 may be positioned to open a flow 
path between a selected storage site and station 1164. Pump 
1166 then may drive a droplet packet(s) from the selected 
storage site into station 1164. Valve 1170 next may be re­
positioned to open a flow path from station 1164 to an outflow 
conduit 1178. Then, pump 1166 may drive the droplet packet 
from station 1164 to outflow conduit 1178, with the aid of a 
carrier fluid 1180 traveling behind the packet. Pump 1166 
may drive the packet from outflow conduit 1178 to a down­
stream reaction site, or another pump may be utilized ( e.g., 
see FIG. 17). In some examples, the droplet packet(s) in a 
storage site may be driven to a waste reservoir 1182, instead 
of being transferred to station 1164. 

K. Overview of Amplification in Static Fluid 

[0271] FIGS. 19-21 relate to exemplary systems for sample 
analysis using droplet-based assays in which amplification is 
performed with stationary emulsions and/or by batch ampli­
fication of an array of emulsions. 
[0272] FIG. 19 shows a flowchart 1190 listing exemplary 
steps that may be performed in a method of sample analysis 
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using droplets subjected to conditions for amplification while 
disposed in a static fluid. The steps listed may be performed in 
any suitable order and in any suitable combination and may 
be combined with any other steps disclosed elsewhere herein. 
[0273] A sample and at least one reagent may be mixed to 
create an assay mixture for amplification, indicated at 1192. 
The sample and reagent may be combined manually or auto­
matically. In some embodiments, one or more samples and 
one or more reagents may be mixed to create a plurality of 
distinct and separate assay mixtures. 
[0274] At least one emulsion may be generated from at 
least one assay mixture, indicated at 1194. The emulsion may 
be generated by serial, parallel, or bulk droplet generation 
( e.g., see Sections III and IV). If more than one emulsion is 
generated, the emulsions may be generated in parallel or 
serially with respect to one another. 
[0275] The at least one emulsion may be thermally cycled 
while the emulsion remains stationary, indicated at 1196. In 
particular, the emulsion may be disposed in a container that 
restricts directional flow of the emulsion as it is thermally 
cycled. 
[0276] Signals may be detected from droplets of the emul­
sion, indicated at 1198. The signals may be detected while the 
emulsion is flowing or not flowing ( e.g., see Section VI), and 
may involve serial droplet detection or imaging, among oth­
ers. 
[0277] FIG. 20 shows a flowchart 1200 listing exemplary 
steps that may be performed in a method of sample analysis 
using parallel amplification of an array of emulsions. The 
steps listed may be performed in any suitable order and in any 
suitable combination and may be combined with any other 
steps disclosed elsewhere herein. 
[0278] A plurality of assay mixtures may be created, indi­
cated at 1202. Each assay mixture may be an amplification 
mixture capable of amplifying at least one species ( or two or 
more species) of nucleic acid target, if present, in the ampli­
fication mixture. The assay mixtures may contain respective 
distinct samples, distinct reagents (e.g., to amplify different 
species of nucleic acid target), or any combination thereof. In 
some embodiments, the assay mixtures may be created or 
disposed in an array, such as a planar array formed by a plate. 
[0279] Emulsions may be generated from the respective 
assay mixtures, indicated at 1204. The emulsions may be 
generated serially or in parallel with respect to one another, 
and droplets of each emulsion may be generated serially, in 
parallel, or in bulk. 
[0280] The emulsions may be thermally cycled in an array, 
indicated at 1206. The array may be a linear array, a planar 
(two-dimensional) array, or a three-dimensional array. 
[0281] Droplets signals may be detected from one or more 
droplets of each emulsion, indicated at 1208. Detection may 
be performed while the emulsions remain disposed in the 
array and in a device holding the emulsions in the array ( e.g., 
a plate). Alternatively, detection may be performed after 
removal of droplets from the array. More particularly, detec­
tion may be performed after transfer of the droplets from a 
container/vessel (e.g., a plate, well, or a vial) that holds the 
droplets. For example, the droplets may be transferred out of 
the container/vessel to a detection site ( e.g., a detection chan­
nel, chamber, recess) adjacent a detection window. Transfer 
may be achieved with any suitable manual or automated fluid 
transfer device. Furthermore, detection may be flow-based 
detection ( e.g., serial droplet detection) or static/stopped­
flow detection (e.g., imaging), among others. 
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[0282] FIG. 21 shows a schematic view of selected portions 
of an exemplary system 1210 for performing the method of 
FIG. 20. Any one component or combination of the depicted 
system components may be omitted from the system, and any 
additional structural components disclosed elsewhere herein 
may be added to the system. The arrows indicate an exem­
plary sequence in which sample and emulsions may move 
between structural components of the system. However, the 
structural components may be utilized in a different sequence 
than shown here. 
[0283] System 1210 may include a droplet generator array 
1212, an emulsion holder 1214, a batch thermal cycler 1216, 
and a detector 1218. Droplet generator array 1212 may 
include a set of droplet generators connected to one another in 
a linear, planar, or three-dimensional array. Alternatively, sys­
tem 1210 may employ a plurality of droplet generators that 
are not held in an array. In any event, a plurality of emulsions 
may be generated by the droplet generators and disposed in at 
least one emulsion holder ( e.g., a plurality of vials, or a plate 
with an array of wells or chambers, among others). The emul­
sions may flow continuously from their respective droplet 
generators to the emulsion holder(s), which may be con­
nected to the droplet generators. Alternatively, the emulsions 
may be transferred to the holder(s ), such as with a manual or 
automated fluid transfer device, at a selectable time. In any 
event, the emulsion holder(s) and the emulsions held therein 
may be thermally cycled by batch thermal cycler 1216 with 
the emulsions held in an array. Each site of the array may be 
defined by the emulsion holder, by a receiver structure of the 
thermal cycler, or both, among others. After thermal cycling, 
detector 1218 may be used to perform flow-based or static/ 
stopped-flow detection of droplets. In some examples, the 
detector may image droplets of the emulsions while the emul­
sions are still disposed in the emulsion holder, and optionally, 
while the emulsion holder is operatively coupled to the ther­
mal cycler. 

L. Exemplary Droplet Generator Arrays for a Batch Ampli­
fication System 

[0284] FIGS. 22-32 relate to exemplary devices for gener­
ating an array of emulsions, which may (or may not) be 
reacted in parallel, such as batch-amplified. 
[0285] FIGS. 22 and 23 show an exemplary device 1220 
equipped with an array of droplet generators. Device 1220 
may be structured as a plate incorporating an array of droplet 
generators 1222. Each droplet generator may have any suit­
able droplet generator structure, such as any of the structures 
described in Sections III and IV. Each droplet generator may 
include a plurality of reservoirs, such as wells 1224, 1226, 
1228 that can be accessed ( e.g., fluid loaded and/or removed) 
from above the plate. The reservoirs may be termed ports and 
may be connected fluidly by channels 1230 formed near the 
bottom of the reservoirs. An intersection of the channels may 
form a site or intersection 1232 of droplet generation where 
droplets are formed by any suitable mechanism, such as flow­
focusing. 
[0286] FIG. 24 shows a schematic view of one of droplet 
generators 1222, which has a four-port configuration. To form 
droplets from the generator, one or more oil wells 1224 may 
be loaded with a carrier fluid ( e.g., oil). Also, a sample well 
1226 may be loaded with a sample (e.g., an assay mixture, 
such as a PCR mixture including sample and reagent to per­
form a reaction, such as amplification)). Pressure may be 
applied, indicated by vertical arrows at 1234, to oil wells 1224 
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and sample well 1226, to drive fluid flow, droplet generation, 
and flow of the resulting droplets as an emulsion 1236 to 
emulsion well 1228. Fluid flow is indicated by arrows extend­
ing parallel to channels 1230. In other examples, each droplet 
generator may include only one oil well and one sample well, 
to provide a three-port configuration (see below) or one or 
more oil reservoirs may be shared by droplet generators of the 
plate. 
[0287] FIG. 25 shows a sectional view of plate 1220 
assembled with an exemplary pressure manifold 1238 for 
applying pressure to droplet generators 1222 (see FIGS. 
22-24), to drive droplet generation (and emulsion formation). 
In this view, the wells are shown without fluid to simplify the 
presentation. Also, the four wells visible in this view do not all 
belong to the same droplet generator, but for simplification, 
these wells are described as if they do. 
[0288] Plate 1220 may include an upper member 1240 and 
a lower member 1242. Upper member 1240 may define wells 
1224-1228, which may, for example, be created by ridges 
1244 (e.g., annular ridges; also see FIG. 23) that project 
upward from a base portion of the upper member and that 
form laterally enclosing side walls of each well. The upper 
member also may define the top walls and side walls of 
channels 1230. These channels may provide communication 
for fluid movement from wells 1224, 1226 and to well 1228 of 
the droplet generator and may be formed in the bottom sur­
face of the upper member (such as in the cross pattern 
depicted in FIG. 23). Lower member 1242, which may be 
termed a cover layer, may be disposed below upper member 
1240 and attached to the upper member 1240 via the bottom 
surface of the upper member. The lower member may overlap 
at least a portion of the upper member's bottom surface, from 
below, to cover and seal openings, such as channels 1230, 
formed in the bottom surface of upper member 1240. Lower 
member 1242 thus may form a bottom wall of channels 1230, 
such that the channels are enclosed and fluid cannot escape 
from the bottom of the plate via the wells or the channels. In 
some embodiments, upper member 1240 may be formed of a 
polymer, such as by injection molding. 
[0289] Pressure manifold 1238 may include a manifold 
body or routing member 1246 that is connected or connect­
able to one or more pressure sources 1248, 1250. Manifold 
body 1246 may mate with plate 1220 from above to form a 
seal with wells 1224-1228 of the droplet generators via seal­
ing elements or gaskets 1252, such as elastomeric O-rings. 
The manifold body also may define channels 1254 that com­
municate with wells 1224-1228. 
[0290] Any suitable combination of channels 1254 of the 
manifold body may be connected or connectable to one or 
more pressure sources, to permit parallel or serial droplet 
generation from all or a subset of the droplet generators. 
Accordingly, the pressure manifold may permit pressuriza­
tion of only one of the droplet generators at a time, or parallel 
pressurization of two or more of the droplet generators, to 
drive parallel emulsion formation from two or more droplet 
generators of the plate in a batch process. For example, oil 
wells 1224 of a subset or all of the droplet generators may be 
pressurized with pressure source 1250, and sample wells 
1226 may be pressurized with another pressure source 1248, 
to permit the pressures exerted on fluid in the oil wells and the 
sample wells to be adjusted independently. Thus, in some 
examples, the manifold may permit one pressure to be applied 
to the oil wells in parallel, and another pressure to be applied 
independently to the sample wells in parallel. Alternatively, 
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the same pressure source may exert pressure on the oil wells 
and the sample wells. The manifold further may permit emul­
sion wells 1228 to be independently pressurized with respect 
to the other wells ( e.g., to form a pressure sink to draw fluid 
into the emulsion wells), may permit the emulsion wells to be 
vented during emulsion generation, indicated at 1256, to form 
a pressure drop with respect to the pressurized oil and sample 
wells, or a combination thereof. 

[0291] FIG. 26 shows plate 1220 with the pressure mani­
fold replaced by an exemplary cover or sealing member 1258 
after emulsion formation. (An emulsion is present in emul­
sion well 1228, and the oil and assay mixture fluids are 
substantially depleted from wells 1224 and 1226.) Cover 
1258 may seal wells 1224-1228 to, for example, prevent fluid 
loss by evaporation. The cover may include a resilient mem­
ber 1260 that engages ridges 1244 to cover and seal each well. 
In some examples, the resilient member may be complemen­
tary to at least a portion of the wells, such as to form caps 
and/or plugs for individual wells. In some examples, cover 
1258 may cover and seal only emulsion wells 1228. In some 
examples, a plurality of covers may be used. In any event, 
after assembling plate 1220 with cover 1258, the plate may be 
subjected to thermal cycling to induce amplification in emul­
sion wells of the plate. For example, the plate and its cover 
may be disposed in a thermally cycled chamber. Alterna­
tively, each emulsion may be transferred from plate 1220 to 
another container, such as a sealable tube ( e.g., for use with a 
Cepheid SmartCycler) or a sealable well/chamber of a plate 
(e.g., a 96-well PCR plate), for thermal cycling. In other 
examples, sealing the emulsion in a container to reduce 
evaporation may not be required if the carrier fluid is capable 
of forming a sufficient liquid barrier to evaporation for the 
droplets. 

[0292] Droplet signals from the emulsions may be detected 
during/after thermal cycling, either with or without transfer of 
the emulsions from emulsion wells 1228 to a detection site. In 
some examples, plate 1220 may permit imaging from beneath 
the plate. In some embodiments, emulsion wells 1228 may be 
sealed with a cover layer of.optical quality ( e.g., transparent), 
such as a tape or thin sheet, among others. The plate then may 
be inverted, and droplets imaged through the cover layer. In 
this case, the carrier fluid and assay mixture compositions 
may be selected such that the droplets sink in the emulsion, to 
form a monolayer on the cover layer. In some examples, the 
detector may be equipped with confocal optics to enable 
collection of.image data from droplets that are not disposed in 
a monolayer. 

[0293] Plate 1220 may have any suitable number of droplet 
generators 1222 (see FIGS. 22-24), disposed in any suitable 
number of rows and colunms. In some embodiments, the 
droplet generators and/or wells thereof may correspond in 
spacing, number, and/or row/column arrangement to wells of 
a standard microplate. For example, the center-to-center dis­
tance, number, and/or arrangement of droplet generators 
( and/or wells) may correspond to a microplate with 6, 24, 96, 
384, 1536, etc. wells, among others. Thus, the plate may have 
6, 24, 96, 384, or 1536 droplet generators and/or wells (total 
wells or of a given type ( e.g., emulsion wells), which may be 
spaced by about 18, 9, 4.5, 2.25, or 1.125 millimeters, among 
others. With an arrangement of ports corresponding to a stan­
dard mi crop late, instruments designed for parallel fluid trans­
fer to/from standard microplates may be utilized with plate 
1220. 
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[0294] FIG. 27 shows another exemplary device 1270 
incorporating an array of droplet generators 1272. Device 
1270 may be structured as a plate and may have any of the 
features described above for plate 1220 (see FIGS. 22-26). 
[0295] Each droplet generator 1272 may include a plurality 
of ports, which may be structured as wells 1274-1278. In 
particular, droplet generator 1272 may have a three-port con­
figuration of an oil well 1274 to receive a carrier fluid, a 
sample well 1276 to receive a sample ( e.g., a prepared sample 
that is an assay mixture, such as an amplification mixture), 
and an emulsion well 1278 to receive an overflow portion of 
an emulsion generated by the droplet generator. 

[0296] FIG. 28 shows a bottom view of droplet generator 
1272, taken after generation of droplets 1280 to form an 
emulsion 1282. The droplet generator may include a network 
of channels 1284 that carry fluid from oil well 1274 and 
sample well 1276 to a site or intersection 1286 of droplet 
generation. A pair of channels 1284 may extend from oil well 
127 4 to site 1286 and another channel 1284 may extend from 
sample well to site 1286, to form a cross structure at which 
droplets are formed by flow focusing of fluid from the sample 
well by carrier fluid disposed on opposing sides of fluid 
stream from the sample well. 

[0297] Droplets 1280 may flow from droplet generation 
site 1286 to emulsion well 1278 via an outlet channel 1288. 
The outlet channel may widen as it extends from site 1286 to 
form a chamber 1290. The chamber may have a high aspect 
ratio, with a height/thickness that generally corresponds to 
the diameter of the droplets, to promote formation of a mono­
layer 1292 of droplets in the chamber. Droplets also may flow 
past chamber 1290 to emulsion well 1278. However, emul­
sion well 1278 may function predominantly as an overflow 
site to collect excess emulsion. In other embodiments, emul­
sion well 1278 may be omitted. In any event, chamber 1290 
may be connected to a vent 1294, which may be disposed 
generally downstream of the chamber, to permit escape of air 
as an emulsion flows into the chamber. 

[0298] FIG. 29 shows a sectional view of droplet generator 
1272 and illustrates how droplets may be generated and then 
imaged with an imager 1296 from below plate 1270. To 
generate droplets, oil well 1274 may be loaded with a carrier 
fluid 1298 and sample well 1276 with a sample ( e.g., an assay 
mixture 1300). Pressure may be applied to the oil well and the 
sample well, indicated by pressure arrows at 1302, to drive 
droplet generation. For example, pressure may be applied 
using a pressure manifold, as described above for FIG. 25. In 
other examples, fluid flow and droplet generation may be 
driven by application of a vacuum to emulsion well 1278, or 
by spinning plate 1270 in a centrifuge to apply a centripetal 
force perpendicular to a plane defined by the plate, among 
others. In some examples, plate 1270 may be designed with 
an oil reservoir that supplies carrier fluid to two or more 
droplet generators 1272. In particular, channels may extend 
from the oil reservoir to two or more sites 1286 of droplet 
generation. In other examples, pistons received in the wells 
may be used to drive droplet generation ( e.g., see Section III). 

[0299] The droplets may be reacted in chamber 1290. For 
example, plate 1270 may be placed in a heating station, such 
as a thermal cycler, to induce amplification of one or more 
nucleic acid targets in the droplets. Before heating the plate, 
wells 127 4-1278 may be sealed from above with at least one 
sealing member, as described above for FIG. 26, to reduce 
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evaporation. Alternatively, the plate may be heated without 
sealing the wells because fluid in the chamber may be resis­
tant to evaporation. 
[0300] Plate 1270 may be designed to permit imaging drop­
lets in the chamber. For example, the plate may include an 
upper member 1304 attached to a lower member 1306, as 
described above for plate 1220 (see FIGS. 25 and 26), with at 
least one of the members forming a viewing window or opti­
cal window 1308 through which the droplets may be imaged. 
Accordingly, the upper member and/or the lower member 
may be transparent, to permit imaging from above and/or 
below the plate. Plate 1270 may provide the capability to 
image droplets in place, without unsealing any ports after 
reaction of the droplets ( e.g., opening ports by removing a 
plate cover). Plate 1270 may reduce the risk of release of 
amplicon formed in the plate during reaction, which could 
contaminate other subsequent reactions, because the ampli­
con can be held in the same substantially enclosed compart­
ment ( e.g., chamber 1290) during reaction and imaging. In 
some examples, the imaging device may be configured to 
collected image data from droplets as they are being reacted, 
for example, while they are being thermally cycled. 
[0301] Chamber 1290 may have any suitable area. For 
example, the chamber may have a substantially larger foot­
print than a port, such as occupying at least about 2, 5, or 10 
times the area of the port. 
[0302] FIG. 30 shows yet another exemplary device 1310 
incorporating an array of droplet generators 1312. Device 
1310 may be structured as a plate, and each droplet generator 
1312 may be structured and may operate generally as 
described above for droplet generators 1222 (see FIGS. 
22-26). In particular, each droplet generator may include a 
pair of oil wells 1314, a sample well 1316, and an emulsion 
well 1318. 
[0303] FIG. 31 shows a bottom view ofa droplet generator 
1312 of plate 1310 after droplet generation. The droplet gen­
erator may include a network of channels 1320 that permit 
flow of a carrier fluid and an assay mixture, respectively, from 
oil wells 1314 and sample well 1316 to a site 1322 of droplet 
generation. Droplets 1324 formed may flow into a chamber 
1326 to form a substantial monolayer 1328 of droplets, as 
described above for chamber 1290 (see FIGS. 27-29). 
[0304] FIG. 32 shows a sectional view of droplet generator 
1312 and illustrates how droplets may be generated and then 
imaged from below (and/or above) the device. In particular, 
plate 1310 may form a viewing window above and/or below 
chamber 1326. 

M. Exemplary Detection for a Batch Amplification System 

[0305] FIGS. 33-40 show exemplary modes of detection 
for a batch amplification system. 
[0306] FIG. 33 shows an exemplary imaging system 1360 
for batch detection of an array of emulsions 1362 that are held 
by a plate 1364 in an array of wells 1366. The emulsions may 
be reacted ( e.g., amplified by thermal cycling) in plate 1364 
or may be transferred to the plate with a fluid transfer device 
after reaction, among others. Plate 1364 may be disposable 
( e.g., formed of plastic) or re-usable ( e.g., formed of quartz), 
depending on the application. 
[0307] Imaging system 1360 may include an imaging 
device or imager 1368 connected to a controller 1370, such as 
a computer. Any suitable aspects of imaging system 1360 
may be used in other imaging systems of the present disclo­
sure. Also, imaging system 1360 may incorporate any other 
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feature(s) disclosed for other imaging systems of the present 
disclosure. Imager 1368 may (or may not) be a fluorescence 
imager. The imager may collect images of droplets disposed 
in wells 1366, for example, using a CCD camera or a line­
scan CCD, among others. For a larger field of view, plate 13 64 
and/or the camera may be placed on, and/or may be otherwise 
connected to, a translation stage to drive motion in x-, y-, and, 
optionally, z-directions. In some examples, imager 1368 may, 
for example, include a laser/PMT device, as is used for detec­
tion of microarrays. Further aspects of imaging devices and 
methods that may be suitable are described in Section VI. 
[0308] FIG. 34 shows a fragmentary view of plate 1364, 
with well 1366 holding an emulsion 1362 to be imaged. The 
well may include a bottom wall 1372, which may be flat, 
transparent, substantially non-fluorescent, or any combina­
tion thereof, to make the well suitable for imaging from below 
plate 1364. Well 1366 may have an inner surface that is 
hydrophobic, which may prevent aqueous droplets from wet­
ting the well surface. 
[0309] Well 1366 may contain a substantial monolayer 
1374 of droplets 1376. The mono layer may be disposed adja­
cent bottom wall 1372. Monolayer 1374 may be obtained by 
selecting a suitable diameter of the well, number of droplets 
in the well, and size of each droplet. Also, monolayer forma­
tion may be promoted by selecting a carrier fluid composition 
that is less dense than the fluid phase of the droplets, such that 
the droplets sink to the bottom of the well. Monolayer forma­
tion also may be promoted by spinning plate 1364 in a cen­
trifuge. 
[0310] FIGS. 35 and36 show an exemplary imaging system 
1380 for detecting images of droplets held in one or more 
detection chambers, to provide parallel detection of droplets. 
System 1380 may include an imager 1382 and at least one 
imaging slide 1384 operatively disposed with respect to the 
imager, to permit image collection of droplets 1386 held by 
the slide. 
[0311] Slide 1384 may define an imaging chamber 1388 
and a viewing window 1390 adjacent the imaging chamber. 
The imaging chamber may have a high aspect ratio, with a 
length and width that are many times the height/thickness of 
the chamber. Accordingly, imaging chamber 1388 may be 
sized to form a monolayer of droplets 1386 adjacent viewing 
window 1390, which may be formed by a bottom wall 1392 of 
the slide (see FIG. 36). In some examples, the height of 
chamber 1388 may correspond to the diameter of the droplets, 
such as being about the same as the droplet diameter or no 
more than about twice the droplet diameter, among others. 
The droplets may be loaded into the imaging slide (as part of 
an emulsion 1394) after a reaction, such as amplification 
(e.g., thermal cycling), has been performed in the droplets. 
Alternatively, the emulsion may be loaded into chamber 1388 
before reaction, the slide optionally sealed, and then the 
emulsion reacted ( e.g., thermally cycled) and imaged in the 
same slide. 
[0312] Imaging chamber 1388 may be connected to a pair 
of ports 1396, 1398, which may permit an emulsion to be 
introduced into and removed from the chamber (see FIG. 35). 
One or both of the ports may include a fitting 1400 that 
enables sealed engagement with a flow-based fluid transfer 
device 1402. The fluid transfer device, via either port, may 
introduce fluid ( e.g., an emulsion or wash fluid) into the 
chamber and may remove and/or flush fluid from the chamber 
( e.g., to permit the slide to be re-used and/or the emulsion to 
be collected). Slide 1384 may be imaged in any suitable 
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orientation, such as horizontally, as shown in FIGS. 35 and 
36, vertically, or the like. Loading droplets into the imaging 
slide may be performed with any suitable fluid transfer device 
(e.g., a pipette, syringe, autosampler, etc.), which may be 
controlled (e.g., positioned and actuated for fluid inflow and 
outflow) manually or with a controller (e.g., a computer). 
[0313] In other embodiments, droplet imaging may be per­
formed with a slide that lacks a chamber. For example, a cover 
slip may be utilized with the slide to form a monolayer of 
droplets between the slide and the cover slip. In this case, the 
slide may, for example, be a standard microscope slide, a slide 
with a shallow well formed in one of its faces, a slide with 
projections that space the cover slip from a planar surface of 
the slide, or the like. 
[0314] Imaging system 1380 may be configured to image 
two or more slides 1384 serially or in parallel. Accordingly, 
imager 1382 may have an imaging area sufficient to encom­
pass the viewing windows of two or more slides at the same 
time. Alternatively, or in addition, imager 1382 may be opera­
tively coupled to a slide exchanger that can position a set of 
slides serially in an imaging area of the imager, by adding 
each slide to the imaging area for imaging, and then removing 
the slide from the imaging area after imaging. 
[0315] FIG. 37 shows an exploded view of an exemplary 
imaging system 1410 including an imager 1412 and a vial 
1414 that holds droplets 1416 to be imaged by the imager. 
Vial 1414 may define an inlet region or mouth 1418 to receive 
the droplets from a fluid transfer device 1420, and an imaging 
chamber 1422 to hold the droplets while they are imaged. Air 
may be vented through the inlet region as an emulsion is 
loaded into the chamber or the vial may define a separate vent 
for this purpose. Chamber 1422 may ( or may not) have a high 
aspect ratio to promote formation of a mono layer of droplets. 
Also, the vial may include at least one viewing window 1424, 
which may be formed by one or more walls of the vial, 
through which light may be transmitted. The vial may be 
disposable (e.g., formed of a polymer) or re-usable (e.g., 
formed of quartz). The vial may be spun in a centrifuge after 
loading and before imaging. Spinning may, for example, con­
centrate droplets in chamber 1422 and/or remove air bubbles 
from the detection chamber. Vial 1414 also may include a cap 
1426 to seal the vial. Droplets may be reacted ( e.g., amplified 
by thermal cycling) in the vial after loading and before imag­
ing, or may be loaded after reaction. In other embodiments, 
the vial may have any other suitable shape that defines a 
chamber, such as a chamber including a planar surface, and 
forms a viewing window, such as a viewing window adjacent 
the planar surface. 
[0316] FIG. 38 shows a schematic view of an exemplary 
system 1430 for stopped-flow imaging ofreacted emulsions 
1432 transported from an array. Emulsions 1432 may be held 
in an array by a plate 1434 and may be reacted in the array or 
may be transferred to the array after reaction. The emulsions 
( or at least a portion thereof) may be transported serially to at 
least one imaging chamber 1436 using an autosampler 1438 
connected to an injection valve 1440. Exemplary imaging 
chambers that may be suitable are shown in FIGS. 35 and 36 
of this Section and in Section VI. The injection valve may be 
used to control filling, holding, emptying, and, optionally, 
flushing the imaging chamber. An imager 1442 may be opera­
tively disposed with respect to a viewing window 1444 adja­
cent the imaging chamber, to provide image collection of 
droplets disposed in the imaging chamber. After each emul­
sion is imaged, the emulsion may be removed from the imag-
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ing chamber by flow to a waste/collection reservoir 1446. 
Further aspects of autosamplers are described above in rela­
tion to FIGS. 15-18. 
[0317] FIG. 39 shows a schematic view of another exem­
plary system 1450 for stopped-flow imaging of reacted emul­
sions transported from an array. System 1450 is related to 
system 1430 of FIG. 38 but includes a plurality of imaging 
chambers 1452. One or more inlet valves 1454 and/or outlet 
valves 1456 may be operated to determine an order in which 
the imaging chambers are filled with emulsions, isolated from 
fluid flow for imaging, emptied, and/or flushed, among oth­
ers. 
[0318] FIG. 40 shows a schematic view of an exemplary 
system 1460 for transport of reacted emulsions 1462 from an 
array to a detection channel 1464, for serial droplet detection. 
System may include an autosampler 1466 and an injection 
valve 1468 that serially load emulsions 1462 into detection 
channel 1464, for flow past a viewing window 1470 that is 
operatively disposed with respect to a detector 1470. A flow­
focusing assembly 1472 may focus droplets in the flow 
stream before they reach detection channel 1464. Further 
aspects of flow-focusing upstream of a detection channel are 
described in Section VI. 

N. Additional Embodiments 

[0319] This example describes additional aspects of system 
architecture, in accordance with aspects of the present disclo­
sure, presented without limitation as a series of numbered 
sentences. 
[0320] (i). Flow System 
[0321] 1. A system for analyzing a sample, comprising (A) 
a droplet generator configured to generate droplets containing 
portions of a sample to be analyzed, the droplets being dis­
posed in an immiscible fluid forming a sample emulsion, (B) 
a heating and cooling station having a fluid inlet and a fluid 
outlet, (C) a detection station downstream from the heating 
and cooling station, (D) a channel forming a single-pass 
continuous fluid route from the fluid inlet to the fluid outlet of 
the heating and cooling station, (E) a pump for moving the 
sample emulsion through the channel, (F) a controller pro­
grammed to operate fluid transport through the channel, and 
(G) an analyzer configured to process data collected at the 
detection station. 
[0322] 2. The system of paragraph 1, wherein the detection 
system is situated to detect presence of target in the sample 
emulsion after passing through the heating and cooling sys­
tem. 
[0323] 3. The system of paragraph 1 further comprising a 
droplet reservoir, a first fluid conduit connecting the droplet 
generator to the reservoir, and a second fluid conduit connect­
ing the reservoir to the fluid inlet of the heating and cooling 
station. 
[0324] 4. The system of paragraph 1, wherein the droplet 
generator is adapted for single-use detachable connection to 
the heating and cooling station without exposing the heating 
and cooling station to contamination from sample contained 
in the sample emulsion. 
[0325] 5. The system of paragraph 1, wherein the droplet 
generator is configured to generate the sample emulsion 
external to the heating and cooling station. 
[0326] 6. The system of paragraph 1, wherein the heating 
and cooling station includes multiple heating zones along the 
fluid route configured for performing a polymerase chain 
reaction on a nucleic acid target contained in a droplet. 
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[0327] 7. The system of paragraph 1, wherein the heating 
and cooling station includes at least one thermoelectric 
cooler. 
[0328] 8. The system of paragraph 1, wherein the controller 
is programmed to adjust the droplet generator to alter droplet 
size based on data received from the detection station. 
[0329] 9. The system of paragraph 1, wherein the controller 
is programmed to alter sample concentration prior to droplet 
generation based on data received from the detection station. 
[0330] 10. The system of paragraph 1, wherein the control­
ler is programmed to alter a sample preparation procedure 
prior to droplet generation in the droplet generator based on 
data received from the detection station. 
[0331] 11. The system of paragraph 1, wherein the analyzer 
is programmed to determine a concentration of a target mol­
ecule in the sample based at least partially on the frequency of 
droplets containing the target out of a population of droplets 
containing sample portions. 

[0332] 12. The system of paragraph 1, wherein the droplet 
generator includes a sample reservoir, an oil source, an oil/ 
sample intersection, and an emulsion outlet, the emulsion 
outlet having a distal end portion adapted for detachable 
sealed engagement with a receiving port on the heating and 
cooling station. 

[0333] 13. The system of paragraph 1, wherein the droplet 
generator is contained in a cartridge having at least one piston 
for driving emulsification. 

[0334] 14. The system of paragraph 1, wherein the droplet 
generator is contained in a cartridge having at least one piston 
for pumping sample emulsion through the channel network. 

[0335] 15. The system of paragraph 1, wherein the channel 
includes a helical capillary tube portion passing through the 
heating and cooling station. 

[0336] 16. The system of paragraph 15, wherein the capil­
lary tube portion has a diameter approximately equal to the 
diameter of droplets generated by the droplet generator. 

[0337] 17. The system of paragraph 1, wherein the capillary 
tube portion includes a hot-start segment passing through a 
hot-start zone prior to a denaturation zone in the heating and 
cooling station. 

[0338] 18. The system of paragraph 1, wherein the heating 
and cooling station includes thermoelectric coolers config­
ured for controlling temperatures in heating and cooling 
zones by transferring heat between a thermal core and the 
heating and cooling zones. 

[0339] 19. The system of paragraph 15, wherein the helical 
capillary tube portion defines a helical path that decreases in 
length over successive cycles. 

[0340] 20. The system of paragraph 1, wherein the heating 
and cooling station includes (a) a core defining a central 
longitudinal axis, (b) a plurality of segments attached to the 
core and defining a plurality of temperature regions; and ( c) a 
plurality of heating elements configured to maintain each 
temperature region approximately at a desired temperature, a 
portion of the channel configured to transport a sample emul­
sion cyclically through the temperature regions. 

[0341] 21. The system of paragraph 20, wherein the plural­
ity of segments includes a plurality of inner segments defining 
the plurality of temperature regions and a plurality of outer 
segments attached to the inner segments, and wherein the 
portion of the channel is disposed between the inner and outer 
segments. 
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[0342] 22. The system of paragraph 21, wherein the portion 
of channel includes fluidic tubing that wraps around the inner 
segments. 
[0343] 23. The system of paragraph 21, wherein the fluidic 
tubing is disposed in grooves of the inner segments that wrap 
substantially helically around the inner segments. 
[0344] 24. The system of paragraph 1, wherein the droplet 
generator is contained in a disposable cartridge. 
[0345] 25. The system of paragraph 24, wherein the car­
tridge includes a cell lysing region, a separating region, a 
reagent mixing region, and a droplet generation region for 
extracting nucleic acid from a sample and formation of drop­
lets into a heat stable sample emulsion. 
[0346] 26. The system of paragraph 1, wherein the channel 
has open ends for permitting continuous flow of a sample 
emulsion. 
[0347] 27. The system of paragraph 1, wherein the droplet 
generator is capable of generating a heat stable sample emul­
s10n. 
[0348] (ii). Droplet Generator Plate 
[0349] 1. A device for generating an array of emulsions, 
comprising a plate including one or more oil reservoirs and 
forming an array of emulsion generator units, each unit 
including a sample port, a droplet collection site, and a chan­
nel intersection that receives a sample from the sample port 
and a carrier fluid from at least one oil reservoir and generates 
an emulsion of sample droplets in the carrier fluid that flows 
to the droplet collection site. 
[0350] 2. The device of paragraph 1, wherein the sample 
port is a well that permits sample loading from above the 
plate. 
[0351] 3. The device of paragraph 1, wherein each emul­
sion generator unit includes at least one oil reservoir. 
[0352] 4. The device of paragraph 3, wherein the at least 
one oil reservoir is a well that permits loading of the carrier 
fluid from above the plate. 
[0353] 5. The device of paragraph 1, wherein the sample 
ports collectively form a port array, and wherein the port array 
is arranged in correspondence with wells of a standard micro­
plate. 
[0354] 6. The device of paragraph 5, wherein the plate has 
96 sample ports. 
[0355] 7. The device of paragraph 1, wherein the channel 
intersection includes a pair of oil inlets, and wherein the pair 
of oil inlets connect to one or more oil reservoirs. 
[0356] 8. The device of paragraph 7, wherein channel inter­
section includes a sample inlet that receives sample from the 
sample port, and wherein the pair of oil inlets flank the sample 
inlet on opposing sides of the sample inlet. 
[0357] 9. The device of paragraph 1, wherein the droplet 
collection site includes a well. 
[0358] 10. The device of paragraph 1, wherein the droplet 
collection site defines a cavity bounded by walls of the plate 
disposed above and below the cavity. 
[0359] 11. The device of paragraph 10, wherein the cavity 
has a height that corresponds in size to the droplets such that 
a substantial mono layer of the droplets is formed in the cavity 
when the emulsion flows into the cavity. 
[0360] 12. The device of paragraph 10, wherein the cavity 
has a width and a thickness, and wherein the width is at least 
about ten times the thickness. 
[0361] 13. The device of paragraph 10, wherein an outlet 
channel extends from the channel intersection to the droplet 
collection site, wherein the plate defines a plane, and wherein 
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the cavity and the outlet channel each have a width measured 
parallel to the plane, and wherein the width of the cavity is 
substantially greater than the width of the outlet channel. 
[0362] 14. The device of paragraph 10, wherein the cavity is 
a chamber, and wherein the chamber is connected to a vent 
that permits escape of gas from the chamber as the emulsion 
flows into the chamber. 
[0363] 15. The device of paragraph 1, wherein the droplet 
collection site defines a cavity and includes a window formed 
by a transparent wall of the plate adjacent to the cavity, and 
wherein the window permits optical detection, through the 
transparent wall, of droplets in the cavity. 
[0364] 16. The device of paragraph 15, wherein the window 
is formed below the cavity. 
[0365] 17. The device of paragraph 1, wherein the plate 
includes an upper member attached to a lower member, 
wherein the upper member defines the sample port, wherein 
an upper region of the channel intersection is formed in a 
bottom surface of the upper member, and wherein the lower 
member is attached to the bottom surface to form a bottom 
wall of the channel intersection. 
[0366] 18. The device of paragraph 1, further comprising a 
cover that assembles with the plate to seal the sample ports. 
[0367] 19. The device of paragraph 1, wherein the emulsion 
generator units are arranged in rows and colunms with two or 
more units per row and per colunm. 
[0368] (iii). Batch Array Method 
[0369] 1. A method of sample analysis, comprising (A) 
forming an array of emulsions, each emulsion including par­
titions of a respective sample disposed in droplets; (B) apply­
ing heat to the emulsions while they are disposed in the array, 
to induce nucleic acid amplification in droplets of the emul­
sions; (C) detecting signals from droplets of each emulsion; 
and (D) estimating a presence, if any, of a nucleic acid target 
in each respective sample based on the signals detected. 
[0370] 2. The method of paragraph 1, wherein the step of 
forming includes a step of generating the emulsions with a 
plate that includes an array of emulsion generator units. 
[0371] 3. The method of paragraph 2, wherein the plate 
includes a plurality of reservoirs to hold the respective 
samples, and wherein the step of generating includes a step of 
applying pressure to the plurality of reservoirs after placing 
the respective samples into the reservoirs. 
[0372] 4. The method of paragraph 2, wherein the step of 
generating includes a step of spinning the plate in a centri­
fuge. 
[0373] 5. The method of paragraph 2, wherein the step of 
forming includes a step of removing each emulsion from the 
plate and disposing such emulsion at a position within the 
array. 
[0374] 6. The method of paragraph 2, wherein the plate 
defines an array of sample ports that open upwardly, and 
wherein the step of generating includes a step of disposing 
each respective sample in a sample port. 
[0375] 7. The method of paragraph 2, wherein the step of 
applying heat is performed with the emulsions held in the 
array by the plate. 
[0376] 8. The method of paragraph 1, wherein the step of 
applying heat is performed with the emulsion disposed in a 
cavity, wherein the cavity has a width and a thickness, and 
wherein the width is many times the thickness. 
[0377] 9. The method of paragraph 8, wherein the width is 
at least about ten times the thickness. 
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[0378] 10. The method of paragraph 1, wherein the step of 
applying heat includes a step of heating the emulsions to a 
temperature sufficient to melt nucleic acid duplexes in the 
droplets. 
[0379] 11. The method of paragraph 1, wherein the step of 
applying heat includes a step of thermally cycling the array of 
emulsions to induce amplification by PCR. 
[0380] 12. The method of paragraph 1, wherein the step of 
detecting signals includes a step of imaging droplets of each 
emulsion. 
[0381] 13. The method of paragraph 12, wherein the step of 
imaging droplets is performed while the emulsions are still 
disposed in the array. 
[0382] 14. The method of paragraph 13, wherein the step of 
forming includes (a) a step of generating droplets of each 
emulsion with a plate and (b) a step of collecting the emul­
sions in an array of chambers defined by the plate, wherein the 
step of applying heat is performed while the emulsions are 
disposed in the array of chambers, and wherein the step of 
imaging is performed through a transparent window formed 
by a wall of the plate adjacent to each chamber. 
[0383] 15. The method of paragraph 11, wherein the step of 
thermally cycling is performed without sealing the plate from 
above after disposing the emulsions in the array of chambers. 
[0384] 16. The method of paragraph 1, further comprising a 
step of transferring at least a portion of each emulsion out of 
the array and to a detection station after the step of applying 
heat. 
[0385] 17. The method of paragraph 16, wherein the step of 
transferring is performed serially with the emulsions. 
[0386] 18. The method of paragraph 16, wherein the step of 
transferring is performed with an autosampler. 
[0387] 19. The method of paragraph 16, wherein the step of 
detecting signals includes a step of detecting droplet signals 
serially as droplets flow past a detection window. 
[0388] 20. The method of paragraph 16, wherein the step of 
detecting includes a step of imaging droplets. 
[0389] 21. The method of paragraph 1, wherein the step of 
estimating a presence provides a qualitative determination of 
whether the nucleic acid target is present or absent in the 
respective sample. 
[0390] 22. The method of paragraph 1, wherein the step of 
estimating a presence includes a step of estimating a concen­
tration and/or a copy number of the nucleic acid target in the 
respective sample. 
[0391] 23 The method of paragraph 22, wherein the step of 
estimating a presence includes a step of assigning a starting 
copy number of two or more molecules ofa nucleic acid target 
to at least one of the droplets based on one or more detected 
signals. 
[0392] 24. The method of paragraph 1, wherein the step of 
estimating includes a step of utilizing an algorithm based on 
Poisson statistics. 
[0393] 25. The method of paragraph 1, wherein the step of 
applying heat induces nucleic acid amplification of respective 
different species of nucleic acid target in at least two of the 
emulsions. 
[0394] 26. The method of paragraph 1, wherein the step of 
applying heat induces nucleic acid amplification of two or 
more distinct species of nucleic acid target in at least one of 
the emulsions, and wherein the step of estimating includes a 
step of estimating a presence for each of the distinct species of 
nucleic acid target. 
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[0395] (iv). Single Emulsion-Batch Amplification 
[0396] 1. A method of sample analysis, comprising (A) 
forming an emulsion including droplets disposed in a carrier 
fluid, each droplet containing a partition of a sample prepared 
as a reaction mixture for amplification of a nucleic acid target; 
(B) disposing at least a portion of the emulsion in a chamber 
that is many times wider than an average diameter of the 
droplets; (C) applying heat to the at least a portion of the 
emulsion disposed in the chamber to induce nucleic acid 
amplification in droplets; (D) detecting signals from droplets 
of the emulsion; and (E) estimating a presence, if any, of the 
nucleic acid target in the sample based on the signals detected. 
[0397] 2. The method of paragraph 1, wherein the emulsion 
flows continuously into the chamber from a site of droplet 
generation. 
[0398] 3. The method of paragraph 1, wherein the step of 
applying heat includes a step of thermal cycling the at least a 
portion of the emulsion to induce PCR amplification of the 
nucleic acid target. 
[0399] 4. The method of paragraph 1, wherein the chamber 
is at least about ten times wider than the average diameter of 
the droplets. 
[0400] 5. The method of paragraph 1, wherein the step of 
detecting signals includes a step of collecting an image of a 
plurality of the droplets. 
[0401] 6. The method of paragraph 1, wherein the step of 
detecting signals includes a step of detecting signals serially 
from the droplets as such droplets are traveling through a 
detection station. 
[0402] 7. The method of paragraph 1, wherein the droplets 
form a substantial monolayer in the chamber. 
[0403] 8. The method of paragraph 7, wherein the average 
separation between adjacent pairs of droplets in the chamber 
is less than an average diameter of the droplets. 
[0404] (v). System for Batch Amplification 
[0405] 1. A system for sample analysis, comprising (A) a 
droplet generator that forms an emulsion including droplets 
that each contain a partition of a sample prepared as a reaction 
mixture for amplification of a nucleic acid target; (B) an 
emulsion holder defining a cavity to contain at least a portion 
of the emulsion, the cavity being many times wider than an 
average diameter of the droplets; (C) a heating station to 
apply heat to the at least a portion of the emulsion disposed in 
the cavity to induce nucleic acid amplification in droplets; (D) 
a detection station to detect signals from droplets of the emul­
sion; and (E) a controller in communication with the detec­
tion station and programmed to estimate a presence, if any, of 
the nucleic acid target in the sample based on the signals 
detected. 
[0406] 2. The system of paragraph 1, further comprising a 
plate including the droplet generator and a plurality of other 
droplet generators. 
[0407] 3. The system of paragraph 1, wherein the emulsion 
holder is connected to the droplet generator such that gener­
ated droplets flow continuously into the cavity. 
[0408] 4. The system of paragraph 1, wherein the detection 
station includes at least one detection chamber and at least 
one imaging device to collect images of droplets disposed in 
the detection chamber. 
[0409] 5. The system of paragraph 1, further comprising a 
fluid transfer device to transfer droplets from the cavity to the 
detection station. 
[0410] 6. The system of paragraph 1, wherein the fluid 
transfer device is a manually controlled pipette. 
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[0411] 7. The system of paragraph 1, wherein the fluid 
transfer device is an autosampler. 
[0412] 8. The system of paragraph 1, wherein the cavity has 
a thickness that corresponds to the average diameter of the 
droplets such that the droplets form a substantial monolayer 
in the cavity. 
[0413] 9. The system of paragraph 1, wherein the cavity is 
a chamber. 
[0414] 10. The system of paragraph 1, wherein the cavity is 
at least ten times wider than the average diameter of the 
droplets. 
[0415] (vi). High Throughput System 
[0416] 1.A system for droplet-based sample analysis, com­
prising (A) a sample input station to hold a plurality of emul­
sions each including partitions of a respective sample dis­
posed in droplets; (B) a heating station to apply heat to 
droplets to induce amplification of a nucleic acid target, if 
present, in individual droplets; (C) a detection station to 
detect signals from droplets that have been heated by the 
heating station; (D) a fluidics network connecting the sample 
input station, the heating station, and the detection station, to 
provide fluid flow from the sample input station to the heating 
station and the detection station; and (E) a controller pro­
grammed to control an order in which packets of droplets 
from the emulsions are transferred from the sample input 
station to the heating station, and to estimate a presence of a 
nucleic acid target in samples corresponding to the packets 
based on signals from the detection station. 
[0417] 2. The system of paragraph 1, wherein the fluidics 
network includes a holding station to store packets of droplets 
upstream from the heating station. 
[0418] 3. The system of paragraph 2, wherein the controller 
is progrannned to control a sequence in which packets are 
transferred into the holding station from the sample input 
station and also to control a sequence in which such packets 
are loaded into the heating station from the holding station. 
[0419] 4. The system of paragraph 3, wherein at least a 
portion of at least one of the sequences is selected by the 
controller based on signals detected by the detection station. 
[0420] 5. The system of paragraph 2, wherein the holding 
station includes a plurality of discrete storage sites, and 
wherein the controller is progrannned to control loading of 
packets into the storage sites and unloading of the packets 
from the storage sites. 
[0421] 6. The system of paragraph 5, wherein holding sta­
tion is designed to permit loading the storage sites with pack­
ets in an arbitrary order and unloading the packets from the 
storage sites in an arbitrary order. 
[0422] 7. The system of paragraph 2, wherein the holding 
station includes at least one heater configured to apply heat to 
packets disposed in the holding station. 
[0423] 8. The system of paragraph 1, wherein the controller 
is programmed to control formation of a spacer segment of 
fluid in the fluidics network between adjacent packets of 
droplets as the adjacent packets are introduced into the fluid­
ics network from the sample input station. 
[0424] 9. The system of paragraph 1, wherein the fluidics 
network includes an autosampler that picks up packets of 
droplets from the sample input region and loads such packets 
into the heating station. 
[0425] 10. The system of paragraph 1, wherein the control­
ler is programmed to receive inputs from a user selecting a 
sequence and to control transfer of packets to the heating 
station according to the sequence. 
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[0426] 11. The system of paragraph 1, wherein the detec­
tion station detects signals from droplets disposed in a flow 
stream. 
[0427] 11. The system of paragraph 1, wherein the detec­
tion station collects images of droplets. 
[0428] 12. The system of paragraph 1, wherein the detec­
tion station detects fluorescence signals from droplets. 
[0429] (vii). Batch System I 
[0430] 1. A system for sample analysis, comprising (A) at 
least one droplet generator that forms a plurality of emulsions 
including droplets that each contain a sample partition pre­
pared as a reaction mixture for amplification of a nucleic acid 
target; (B) a plate defining an array of cavities to hold the 
emulsions; (C) a heating and cooling device to heat the emul­
sions disposed in the cavities to induce nucleic acid amplifi­
cation in droplets; (D) a detection assembly to detect signals 
from intact droplets of the emulsions; and (E) a controller in 
communication with the detection assembly and pro­
grammed to estimate a presence, if any, of the nucleic acid 
target in a sample based on signals detected from the intact 
droplets. 
[0431] 2. The system of paragraph 1, wherein the droplet 
generator is integrated with the plate. 
[0432] 3. The system of paragraph 2, wherein each cavity is 
supplied by a separate droplet generator. 
[0433] 4. The system of paragraph 2, wherein each cavity is 
supplied by the same droplet generator. 
[0434] 5. The system of paragraph 1, wherein the droplet 
generator is not part of the plate. 
[0435] 6. The system of paragraph 1, wherein the droplet 
generator includes at least one oil reservoir, a sample reser­
voir, and a fluid path from each reservoir to at least one cavity. 
[0436] 7. The system of paragraph 1, further comprising a 
pressure source that drives droplet generation. 
[0437] 8. The system of paragraph 1, wherein the detection 
assembly is configured to detect signals from droplets while 
disposed in the cavities. 
[0438] 9. The system of paragraph 1, further comprising a 
fluid transfer device configured to transfer droplets from the 
cavities to a detection site of the detection assembly. 
[0439] 10. The system of paragraph 9, wherein the detec­
tion site is separate from the plate. 
[0440] 11. The system of paragraph 9, wherein the detec­
tion assembly is configured to detect droplets serially. 
[0441] 12. The system of paragraph 9, wherein the detec­
tion assembly is configured to image batches of droplets. 
[0442] 13. The system of paragraph 12, wherein the detec­
tion assembly is configured to image droplet batches serially, 
each droplet batch corresponding to a different emulsion. 
[0443] 14. The system of paragraph 1, wherein the detec­
tion assembly includes confocal optics. 
[0444] 15. The system of paragraph 1, wherein each cavity 
is bounded above and below by walls of the plate. 
[0445] 16. The system of paragraph 1, wherein each cavity 
is bounded by a transparent wall of the plate that permits 
detection of droplets in such cavity through the transparent 
wall. 
[0446] 17. The system of paragraph 1, wherein the droplet 
generator includes a sample reservoir that opens upwardly to 
permit sample loading from above the plate. 
[0447] 18. The system of paragraph 1, wherein the cavity is 
a well, further comprising a sealing member to seal the well. 
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[0448] 19. The system of paragraph 1, wherein the droplet 
generator includes one or more orifices from which the drop­
lets are generated serially. 
[0449] 20. The system of paragraph 1, wherein the droplet 
generator is configured to form droplets that are monodis­
perse. 
[0450] 21. The system of paragraph 1, wherein the control­
ler is configured to estimate the presence of the nucleic acid 
target based on a percentage of droplets that are determined to 
be positive for amplification of the nucleic acid target. 
[0451] (viii). Batch System II 
[0452] 1. A system for sample analysis, comprising (A) a 
droplet generator including an oil reservoir, a sample reser­
voir, a cavity, and a channel intersection that receives a 
sample from the sample reservoir and a carrier fluid from the 
oil reservoir and generates droplets that flow to the cavity as 
an emulsion; and (B) a heating device to heat the droplet 
generator to induce nucleic acid amplification in droplets of 
the emulsion in the cavity. 
[0453] 2. The system of paragraph 1, further comprising a 
plate that includes the droplet generator and a plurality of 
other droplet generators. 
[0454] 3. The system of paragraph 1, further comprising a 
pressure source that drives droplet generation. 
[0455] 4. The system of paragraph 3, wherein the pressure 
source includes a manifold that forms a sealed relation with 
the droplet generator. 
[0456] 5. The system of paragraph 1, further comprising a 
detection assembly to detect signals from droplets of the 
emulsion. 
[0457] 6. The system of paragraph 5, wherein the detection 
assembly is configured to detect signals from droplets while 
the droplets are disposed in the cavity. 
[0458] 7. The system of paragraph 5, wherein the detection 
assembly is configured to detect signals from the droplets 
while the droplet generator is thermally coupled to the heat­
ing device. 
[0459] 8. The system of paragraph 5, wherein the detection 
assembly is configured to image a batch of droplets. 
[0460] 9. The system of paragraph 8, wherein the detection 
assembly includes confocal optics. 
[0461] 10. The system of paragraph 5, further comprising a 
controller in communication with the detection assembly and 
programmed to estimate a presence, if any, of a nucleic acid 
target in the sample based on the signals detected. 
[0462] 11. The system of paragraph 1, wherein the heating 
device includes a temperature-controlled chamber that 
receives the droplet generator. 
[0463] 12. The system of paragraph 1, wherein the heating 
device is a heating and cooling device that thermally cycles 
the droplet generator to induce PCR amplification in the 
droplets of the emulsion in the cavity. 
[0464] 13. The system of paragraph 1, wherein the cavity is 
bounded above and below by walls of the droplet generator. 
[0465] 14. The system of paragraph 1, wherein the cavity is 
bounded by a transparent wall of the droplet generator that 
permits detection of droplets in the cavity through the trans­
parent wall. 
[0466] 15. The system of paragraph 1, wherein the cavity is 
a well, further comprising a sealing member to seal the well. 
[0467] (ix). Miscellaneous 1 
[0468] 1. A method of sample analysis, comprising (A) 
generating a plurality of droplets from a sample, each droplet 
containing a mixture to test occurrence of a reaction; (B) 
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storing a packet of the droplets for a selectable time period; 
(C) introducing at least a portion of the packet into a channel 
after the step of storing; (D) subjecting the portion of the 
packet to one more conditions that promote occurrence of the 
reaction by moving the at least a portion of the packet along 
the channel; and (E) performing, after the step of subjecting 
and on each of a plurality of droplets of the at least a portion 
of the packet, at least one measurement related to occurrence 
of the reaction. 
[0469] 2. The method of paragraph 1, wherein the step of 
generating includes a step of generating the plurality of drop­
lets by fluid flow from at least one orifice. 
[0470] 3. The method of paragraph 1, wherein the step of 
generating includes a step of generating droplets with each 
droplet capable of amplification of a nucleic acid target, if 
present, in the droplet, wherein the step of subjecting includes 
a step of subjecting the at least a portion of the packet to 
conditions that promote amplification of the nucleic acid 
target in droplets of the at least a portion of the packet, and 
wherein the step of performing includes a step of performing 
the at least one measurement to permit determination of 
whether amplification of the nucleic acid target occurred in 
individual droplets. 
[0471] 4. The method of paragraph 1, wherein the step of 
storing includes a step of storing the packet of droplets in a 
compartment that is in fluid isolation from the channel, and 
wherein the step of introducing includes a step of placing the 
compartment and the channel in fluid communication with 
one another. 
[0472] 5. The method of paragraph 1, wherein the packet of 
droplets is disposed in a volume of carrier fluid, wherein the 
step of storing includes a step of stopping flow of the volume 
of carrier fluid, and wherein the step of introducing includes 
a step of starting flow of at least a portion of the volume of 
carrier fluid. 
[0473] 6. The method of paragraph 1, wherein the step of 
subjecting includes a step of thermally cycling the at least a 
portion of the packet. 
[0474] 7. The method of paragraph 1, further comprising 
(1) a step of determining a number of droplets in which 
amplification of a nucleic acid target occurred based on data 
obtained from the step of performing, and (2) a step of esti­
mating a total presence of the nucleic acid target in the sample 
based on the number of droplets. 
[0475] 8. The method of paragraph 1, wherein the steps of 
storing, introducing, subjecting, and performing are per­
formed with a plurality of different packets, and wherein the 
packets are introduced serially into the channel. 
[0476] 9. The method of paragraph 8, further a step of 
selecting a relative order in which at least two of the different 
packets are introduced into the channel. 
[0477] 10. The method of paragraph 9, wherein the step of 
selecting is based on a result obtained based on the step of 
performing with droplets of another packet. 
[0478] 11. A method of sample analysis for a nucleic acid 
target, comprising (A) generating a plurality of droplets from 
a sample, each droplet being capable of amplification of a 
nucleic acid target, if present, in the droplet; (B) storing a 
packet of the droplets for a selectable time period; (C) intro­
ducing at least a portion of the stored packet into a channel; 
(D) moving the portion of the packet along the channel such 
that the portion is subjected to conditions that promote ampli­
fication of the nucleic acid target in droplets of the portion; 
and (E) performing at least one measurement related to 
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amplification of the nucleic acid target on each of a plurality 
of droplets after the step of moving. 
[0479] 12. A method of sample analysis, comprising (A) 
providing a channel, an array of samples, an array of reagents, 
and predefined flow paths connecting all of the samples and 
reagents to the channel, to permit selection of any combina­
tion of sample and reagent from the arrays; (B) selecting a 
combination of a sample from the array of samples and a 
reagent from the array of reagents; (C) generating droplets 
each including the combination and containing an assay mix­
ture to be tested for occurrence of a reaction involving the 
sample and the reagent selected; (D) introducing a plurality of 
the droplets into the channel; (E) subjecting the plurality of 
droplets to one or more conditions that promote occurrence of 
the reaction while moving the plurality of droplets along the 
channel; and (F) performing at least one measurement related 
to occurrence of the reaction on one or more of the plurality of 
droplets after the step of subjecting. 
[0480] 14. The method of paragraph 12, wherein the com­
bination is a first combination, further comprising a step of 
selecting a second combination of sample and reagent from 
the arrays, wherein the steps of generating, introducing, sub­
jecting, and performing are repeated with the second combi­
nation. 
[0481] 15. The method of paragraph 14, wherein the second 
combination is selected based on a result obtained using data 
from the step of performing at least measurement on the first 
combination. 
[0482] 16. The method of paragraph 14, further comprising 
a step of changing the array of samples to add or subtract at 
least one sample, the array of reagents to add or subtract at 
least one reagent, or both, and wherein the step of selecting a 
second combination selects a combination after the step of 
changing. 
[0483] 17. The method of paragraph 16, wherein the step of 
changing is performed while the step of subjecting is per­
formed with the first combination. 
[0484] 18. The method of paragraph 14, wherein the step of 
selecting a second combination of sample and reagent is 
performed based on a user command received after the step of 
selecting a first combination. 
[0485] 19. The method of paragraph 18, wherein the user 
command is received during the step of subjecting with the 
first combination. 
[0486] 20. The method of paragraph 19, wherein the step of 
introducing for the first combination is performed until a 
predefined condition is satisfied if the user command is not 
received, and wherein the step ofintroducing is interrupted by 
the user command before the predefined condition is satisfied. 
[0487] 21. The method of paragraph 20, wherein the pre­
defined condition is a predefined number of droplets intro­
duced, a predefined time interval during which droplets are 
introduced, or both. 
[0488] 22. The method of paragraph 14, wherein the array 
of reagents includes different pairs of primers for amplifica­
tion of different nucleic acid targets. 
[0489] 23. A method of sample analysis, comprising (A) 
providing a channel, an array of samples, an array of reagents, 
and predefined flow paths connecting all of the samples and 
reagents to the channel; (B) selecting first and second com­
binations of sample and reagent from the arrays; (C) gener­
ating a first packet of droplets each including the first combi­
nation and a second packet of droplets each including the 
second combination; (D) introducing a plurality of droplets of 
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the first packet and of the second packet serially into the 
channel; (E) subjecting the plurality of droplets of each 
packet to one or more conditions that promote occurrence of 
a reaction involving the first combination or the second com­
bination while moving each plurality of droplets along the 
channel; and (F) performing at least one measurement related 
to occurrence of the reaction on one or more of the plurality of 
droplets after the step of subjecting. 
[0490] 24. An apparatus for sample analysis, comprising 
(A) an adjustable number of ports to receive samples; (B) an 
adjustable number of sites to hold reagents; (C) a channel that 
extends through one or more temperature-controlled zones 
and that connects to the ports and the sites by predefined flow 
paths; (D) a droplet generator that generates droplets of a 
selected combination of a sample and a reagent for introduc­
tion into the channel; (E) a detector positioned to provide one 
or more measurements on droplets of the selected combina­
tion after the droplets have been disposed in at least one 
temperature-controlled zone; and (F) a controller that con­
trols combination of samples with reagents. 
[0491] (x). Miscellaneous 2 
[0492] 1. A system for generating microdroplets compris­
ing (A) a sample-containing apparatus comprising a sample 
containing chamber and a first microfluidic channel having an 
inlet end and an outlet end, wherein the inlet end of the first 
microfluidic channel is connected to the sample containing 
chamber; and (B) a microdroplet generator apparatus com­
prising the outlet end of the first microfluidic channel, a 
second microfluidic channel having an inlet end, and a spacer 
region that is filled with an immiscible fluid, wherein the 
outlet end of the first microfluidic channel forms one wall of 
the microdroplet generator apparatus, the inlet end of the 
second microfluidic channel forms another wall of the micro­
droplet generator region, and the spacer region separates the 
first microfluidic channel outlet end from the second microf­
luidic channel inlet end such that the first microfluidic chan­
nel outlet end only contacts the immiscible fluid. 
[0493] 2. The system of paragraph 1, wherein the sample 
containing apparatus is removable. 
[0494] 3. The system of paragraph 1, wherein the immis­
cible fluid is an oil. 
[0495] 4. A method of nucleic acid amplification compris­
ing (A) diluting or concentrating a sample comprising a plu­
rality of nucleic acid targets and components for performing 
nucleic acid amplification; (B) producing microdroplets 
within an immiscible fluid in a capillary tube, wherein a 
plurality of microdroplets containing a single nucleic acid 
template from the plurality of nucleic acid targets is formed, 
and wherein the tube has a first open end for fluid inlet and a 
second open end for fluid outlet to permit a continuous flow; 
and (C) amplifying the single nucleic acid template in the 
microdroplets by heating and cooling such that a plurality of 
single nucleic acid templates within the microdroplets are 
amplified. 
[0496] 5. The method of paragraph 4, wherein the micro­
droplets comprise at least 2 different size microdroplets. 
[0497] 6. The method of paragraph 4, wherein a first micro­
droplet size is between 20 and 100 microns, and a second 
microdroplet size is between 100 and 250 microns. 
[0498] 7. A method of nucleic acid amplification of a 
sample, comprising (A) providing a biological sample; (B) 
producing microdroplets within an immiscible fluid in a cap­
illary tube, wherein the microdroplets comprise nucleic acids 
and components for performing nucleic acid amplification 
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and wherein the tube has a first open end for fluid inlet and a 
second open end for fluid outlet to permit a continuous flow 
and the tube is in contact with at least two solid heating 
blocks, wherein the heating blocks are maintained at different 
temperatures and the temperature of at least one heating block 
is controlled by a thermoelectric controller; (C) moving the 
microdroplets through the tube; and (D) thermally cycling the 
microdroplets in the tube to amplify the nucleic acids. 
[0499] 8. A sequence detection system able to detect a 
single nucleic acid mutation using the method of (A) produc­
ing microdroplets within an immiscible fluid in a capillary 
tube, wherein a plurality of microdroplets containing a single 
nucleic acid template from the plurality of nucleic acid targets 
is formed; (B) amplifying the single nucleic acid template in 
the microdroplets by heating and cooling such that a plurality 
of single nucleic acid templates within the microdroplets are 
amplified; and (C) detecting the presence or absence of a 
nucleic acid mutation through the method of enzymatic 
nucleic acid amplification or ligation; wherein detection of a 
single nucleic acid mutation has > 10% better signal discrimi­
nation compared to real-time PCR. 
[0500] 9. A sequence detection system able to accurately 
detect the absolute concentration of a target nucleic acid using 
the method of (A) producing microdroplets within an immis­
cible fluid in a capillary tube, wherein a plurality of micro­
droplets containing a single nucleic acid template from the 
plurality of nucleic acid targets is formed; (B) amplifying the 
single nucleic acid template in the microdroplets by heating 
and cooling such that a plurality of single nucleic acid tem­
plates within the microdroplets are amplified; and (C) detect­
ing the presence or absence of a target nucleic acid through 
the method of fluorescently detecting a signal generated by an 
enzymatic nucleic acid amplification or ligation reaction 
within the intact droplet; wherein detection of the absolute 
concentration of the target nucleic acid has > 10% better quan­
titative resolution compared to real-time PCR or quantitative 
PCR, and/or an adjustable quantitative resolution based on 
the total number of droplets and target nucleic acid molecules 
processed. 
[0501] 10. A sequence detection system able to accurately 
detect the concentration of a target nucleic acid using the 
method of (A) producing microdroplets within an immiscible 
fluid in a capillary tube, wherein a plurality of microdroplets 
containing a single nucleic acid template from the plurality of 
nucleic acid targets is formed; (B) amplifying the single 
nucleic acid template in the microdroplets by heating and 
cooling such that a plurality of single nucleic acid templates 
within the microdroplets are amplified; and (C) detecting the 
presence or absence of a target nucleic acid through the 
method of fluorescently detecting a signal generated by an 
enzymatic nucleic acid amplification or ligation reaction 
within the intact droplet; wherein detection of small changes 
( <40%) in the absolute concentration of a target nucleic acid 
within a sample or between samples. 
[0502] 11. A sequence detection system able to detect a 
gene copy number variation using the method of (A) produc­
ing microdroplets within an immiscible fluid, wherein a plu­
rality ofmicrodroplets containing a single nucleic acid tem­
plate from the plurality of nucleic acid targets is formed; (B) 
amplifying the single nucleic acid template in the microdrop­
lets by heating and cooling such that a plurality of single 
nucleic acid templates within the microdroplets are ampli­
fied; and (C) detecting the number of gene insertions or dele­
tions in a genome through the method of counting the number 
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of PCR amplicons of the target gene relative to the number of 
PCR amplicons of a reference gene having a known number 
of gene copies per genome; wherein detection of a target gene 
copy number per genome has better signal discrimination 
compared to relative quantification ( delta cycle threshold or 
delta delta cycle threshold) by real time PCR in its ability to 
discriminate single copy differences where the number or 
copies of the target gene is greater than 2 but less than 20. 
[0503] 12.A sequence detection system able to detect a low 
abundant single nucleotide mutation using the method of (A) 
producing microdroplets within an immiscible fluid, wherein 
a plurality of microdroplets containing a single nucleic acid 
template from the plurality of nucleic acid targets is formed; 
(B) producing microdroplets within an immiscible fluid, 
wherein a plurality of microdroplets containing a single 
nucleic acid template from the plurality of nucleic acid targets 
is formed wherein in partitioning the sample reduces the ratio 
of target nucleic acid to competing background nucleic acids; 
(C) amplifying the single nucleic acid template in the micro­
droplets by heating and cooling such that a plurality of single 
nucleic acid templates within the microdroplets are ampli­
fied; and (D) detecting a single nucleotide mutation in a 
genetic sequence; wherein detection of a single nucleotide 
mutation has at least ten times better signal discrimination 
compared by real time PCR in its ability to detect a mutant 
genome possessing a single point mutation where the relative 
concentration of mutant genetic sequence is less than or equal 
to 0.1 % of the wild type genome. 
[0504] (xi). Miscellaneous 3 
[0505] 1. A method of performing asynchronous sequential 
high-throughput PCR, comprising (A) providing one or more 
biological samples; (B) dividing each of the one or more 
samples into one or more droplets using one or more droplet 
generators; (C) isolating and storing the one or more droplets 
from each of the one or more samples, thereby forming a 
droplet packet from each of the samples; and (D) sequentially 
selecting at least a portion of each of the packets and causing 
the portion to a flow through a thermal cycling device. 
[0506] 2. The method of paragraph 1, wherein the method 
further includes at least one of (A) random access, (B) result­
driven, on-demand triage/diagnostics, (C) asynchronous 
loading, (D) stat mode, (E) a flexible number of samples, (F) 
a flexible number ofreagents, and (G) digital PCR. 
[0507] 3. An apparatus, comprising (A) an injection 
molded portion comprising at least a channel for transporting 
a biological sample and a second channel for receiving a 
droplet carrier fluid, partitioning the sample into one or more 
sample droplets, and directing the droplets to an outlet, and 
(B) an instrument portion comprising an inlet for receiving 
the droplets from the outlet a thermal cycler, and a detector; 
wherein together the injection molded and the instrument 
portions perform one or more nucleic acid assays. 
[0508] 4. The apparatus of paragraph 3, further comprising 
at least one of a droplet generator, a bead blender, a low-cost 
disposable, and a reservoir or holding coil at the outlet. 

III. Sample Preparation/Cartridge 

[0509] This Section describes exemplary systems for 
sample preparation, including cartridges for sample lysis and 
droplet generation. 
[0510] It may be desirable to separate an enzymatic ampli­
fication system such as a PCR-based DNA amplification sys­
tem into disposable and nondisposable components, for 
example, by creating a disposable cartridge or other dispos-
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able vessel that would prepare and present samples to a non­
disposable PCR instrument or other reader. Such a separation 
could facilitate rapid and low-cost DNA testing and analysis. 
The disposable cartridge may be designed as a single-use 
cartridge, to avoid the possibility of cross contamination 
between samples. Although the terms "cartridge" or "dispos­
able cartridge" will be used to reference the disposable por­
tion of the 
[0511] DNA amplification system, the disposable portion 
generally may take various forms, and need not be rectangular 
or symmetric in any particular manner or dimension. 
[0512] A suitable disposable cartridge will be configured to 
receive a sample and to prepare ( or at least partially prepare) 
the sample for amplification and analysis, prior to PCR ther­
mocycling and amplification. The cartridge may include an 
interface configured to pass the prepared sample to a non­
disposable portion of the system, which generally will be 
referred to as an "instrument," for subsequent PCR amplifi­
cation and analysis steps. In some cases, the interface 
between the cartridge and the instrument also may be config­
ured to transfer various fluids, such as oil and/or aqueous 
fluid, from the instrument to the cartridge, to "prime" or 
partially prime the cartridge for sample preparation. In other 
cases, the cartridge may be partially or entirely pre-primed 
with fluids, so that fluid transfer from the instrument is not 
necessary. 
[0513] A disposable cartridge according to the present dis­
closure may be configured to generate droplets or packets of 
droplets, each containing a mixture of sample and reagent, 
which then may be transported from the disposable cartridge 
to the related instrument for rapid serial injection into a con­
tinuous flow thermal cycler. The cartridge or other disposable 
vessel then may be removed from the system and discarded. 
The cartridge may be configured to perform sample prepara­
tion steps relatively quickly, as measured by sample through­
put from the cartridge to the PCR instrument. For example, a 
cartridge according to the present disclosure may be config­
ured to perform sample preparation in a time of less than 5 
minutes per sample, to achieve throughput of at least 10 
samples per hour. The cartridge also may be constructed from 
and function in conjunction with non-hazardous materials, to 
minimize environmental impact. 
[0514] FIG. 41 is a flowchart depicting the steps of a DNA 
amplification method, generally indicated at 1600, that may 
be performed within or in conjunction with a disposable 
cartridge of a DNA amplification system according to the 
present disclosure. The major functions that the disposable 
cartridge is configured to perform are purification, lysis, 
reagent mixing, and sample isolation into droplets. However, 
more generally, any subset or combination of the steps 
depicted in FIG. 41 may be performed within the cartridge. 
Alternatively, one or more of the depicted steps, such as 
sample collection and extraction, may be performed prior to 
transferring target-containing material into the cartridge, 
while other steps are performed within the cartridge. Simi­
larly, one or more of the depicted steps, such as droplet 
generation, may be performed after transferring target-con­
taining material out of the cartridge. Furthermore, the steps 
depicted in FIG. 41 may be performed in various different 
orders, only some of which will be described below. 
[0515] At step 1602 of method 1600, a sample is collected 
for subsequent analysis. This is typically done by a medical 
practitioner, a law enforcement agent, a scientist, or some 
other person with reason to collect a sample for nucleic acid 
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analysis. The sample may, for example, be collected using a 
sample collector, such as a swab, a sample card, a specimen 
drawing needle, a pipette, a syringe, and/or by any other 
suitable method. Furthermore, pre-collected samples may be 
stored in wells such as a single well or an array of wells in a 
plate, may be dried and/or frozen, may be put into an aerosol 
form, or may take the form of a culture or tissue sample 
prepared on a slide. Such pre-collected samples then may be 
obtained and prepared for droplet-based processing in a dis­
posable cartridge. The collected sample typically will include 
one or more cells, bacteria, viruses, or other material poten­
tially or actually containing a target sequence of nucleotides 
suitable for PCR amplification. 

[0516] At step 1604, the collected sample is extracted from 
the sample collector. This may be accomplished, for example, 
by transferring the sample from the sample collector using a 
pipette, a syringe, or the like, or by soaking and/or rinsing a 
sample collector in one or more suitable solutions, such as a 
digestive buffer solution, a lysis buffer solution, or an appro­
priate binder-containing solution, among others. Extraction 
may occur within a chamber of the disposable portion of the 
PCR system, in which case the sample will be transferred to 
the cartridge, as indicated at step 1606 of method 1600, prior 
to extraction. Alternatively, extraction may occur outside of 
the cartridge, and the resulting sample or sample-containing 
solution then may be transferred to the cartridge. In either 
case, the cartridge may be configured to perform various 
additional sample preparation steps, as described below. 

[0517] At steps 1608 and 1610, the extracted sample, which 
is now disposed in a sample chamber within the cartridge, is 
purified and lysed. These steps may be performed at different 
times, simultaneously, or approximately simultaneously. Fur­
thermore, purification may be performed either before or after 
lysing, and in some instances two or more separate purifica­
tion steps may be performed, one before lysing and one after 
lysing. Purification generally includes some form of filtering 
to remove unwanted components from the sample while leav­
ing the desired target components relatively unaffected, and 
lysing generally includes disruption of the sample constitu­
ents (e.g., by breaking the cellular membranes) to expose 
target DNA for amplification, typically involving some form 
of physical blending or stirring of the sample-containing mix­
ture. For example, lysing may proceed through bulk mixing 
such as agitation, magnetic stirring, and/or aspiration, or 
through microfluidic mixing of various types such as forcing 
the sample through a tortuous path, electromagnetic bom­
bardment, sonication, and/or convection. The fluid contain­
ing the contents of the lysed sample may be referred to as a 
lysate. 

[0518] Depending on whether a particular purification step 
is performed before or after lysing, the method of purification 
may vary. For example, purification prior to lysing may be 
configured to capture relatively large target-containing mate­
rial, such as bacteria or other cells. Purification at this stage 
may, for example, include filtering the sample-containing 
solution through an aperture-based filter with a characteristic 
aperture size smaller than the characteristic size of the target­
containing cells, to retain the cells or other target material 
within the sample chamber while removing other, smaller 
waste material. On the other hand, purification after lysing 
may be configured to capture relatively small target material, 
such as DNA or partial nucleic acid sequences. Accordingly, 
post-lysing purification may include filtration through a 
smaller filter, and/or affinity capture of DNA or other target 
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material, to retain target material within the sample while 
removing other, larger waste material. In some cases, such as 
when purification steps are performed both before and after 
lysing, two or more different types of filters, including aper­
ture-based filters and/or affinity-based filters, may be used. 
[0519] At step 1612, the partially processed sample (i.e., 
the lysate) is concentrated. This step is generally accom­
plished by separating excess fluid in the lysate from the target 
DNA or DNA-containing material, for example, by filtering, 
ethanol precipitation, butanol extraction, or affinity capture, 
among others. In any case, the result of the concentration step 
is a greater density of target material per unit volume of fluid. 
Concentration of the sample at this stage may result in a 
detectable amplified target after relatively fewer PCR ampli­
fication cycles than would be necessary without concentra­
tion. 
[0520] At step 1614, a PCR reagent mixture including 
appropriate enzymes and DNA primers is mixed with the 
sample. These reagent constituents are selected to facilitate 
DNA amplification of a particular target in conjunction with 
cyclical temperature changes (i.e., thermocycling). The 
reagent mixture may be combined with the sample in fluid 
form, or it may be lyophilized (freeze-dried) and converted 
into a powder, a pellet, or any other convenient form. To form 
a lyophilized reagent, suitable stabilizing and/or sedimenting 
agents may be combined with the PCR enzymes and DNA 
primers. 
[0521] Two or more reagents may be mixed with the sample 
at step 1614, to form either a single sample/reagent mixture 
containing multiple reagents, or multiple mixtures each con­
taining a single reagent. A single mixture containing multiple 
reagents may, for example, allow screening for multiple tar­
gets simultaneously, whereas multiple mixtures each contain­
ing a single reagent may be configured for PCR amplification 
of several different DNA targets, or (when two or more of the 
mixtures contain the same reagent) to provide experimental 
control, for instance, by allowing multiple PCR amplification 
and/or detection techniques to be applied to the same sample/ 
reagent mixture. When multiple sample/reagent mixtures are 
used, the different mixtures may be separately prepared and/ 
or separately tracked through the system. 
[0522] At step 1616, droplets containing the sample and the 
reagent are generated, typically in aqueous form within an 
oil-based emulsion. The generated droplets may contain a 
mixture of sample and reagent, either activated or not acti­
vated (i.e., either requiring or not requiring an additional 
activation step before PCR amplification begins), or the drop­
lets each may contain sample and reagent that are separated 
from each other, for example, by a thin membrane, such as an 
oil membrane. When more than one sample/reagent mixture 
is present, droplets containing each of the various mixtures 
may be separately produced and tracked. Common modes of 
droplet generation include flow focusing, jetting, and shear­
ing.Using these techniques, stable droplets may be created at 
throughputs of 10-1000 Hz with tunable volumes ranging 
from 15 picoliters (pL) to 5 nanoliters (nL). Various tech­
niques for generating droplets are known. 
[0523] At step 1618, the droplets produced in step 1616 are 
transferred from the disposable cartridge to a non-disposable 
instrument portion of the system. As noted above, the droplets 
may be contained within an emulsion, such as an oil-based 
emulsion, in which case transferring the droplets will include 
transferring portions or the entirety of the emulsion. When 
more than one sample/reagent mixture has been created, the 
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droplets containing each type of mixture may be separately 
transferred in a continuous or semi-continuous manner, so 
that each separate droplet type can be separately processed by 
the instrument portion of the system. Continuous or semi­
continuous droplet transfer may allow relatively rapid screen­
ing for multiple target DNA segments. Alternatively, or in 
addition, droplets containing various sample/reagent mix­
tures may be "tagged" in some manner, such as with a bar 
code or some other detectable component, in which case 
different types of droplets may in some instances be trans­
ferred to the non-disposable portion of the system together 
and then tracked or detected individually. 
[0524] After transfer from the disposable, sample-prepara­
tion cartridge portion of the PCR system to the non-dispos­
able instrument portion, thermocycling and analysis will 
occur. The following examples describe specific exemplary 
methods and apparatus for receiving a sample in a disposable 
vessel, such as a cartridge, preparing the sample for PCR 
amplification, and passing the prepared sample to a reusable 
instrument portion of a PCR amplification system. Additional 
pertinent disclosure may be found in the U.S. provisional 
patent applications listed above under Cross-References and 
incorporated herein by reference, particularly Ser. No. 
__ , filed Sep. 21, 2009, titled CARTRIDGE WITH 
LYSIS CHAMBERAND DROPLET CHAMBER, and nam­
ing Kevin Dean Ness, Samuel Burd, Benjamin J. Hindson, 
Donald A. Masquelier, and Billy W. Colston, Jr., as inventors. 

A. Example 1 

Disposable Sample Cartridge 1 

[0525] This example depicts a disposable sample prepara­
tion cartridge and suitable fluidic connections between vari­
ous components of the cartridge; see FIG. 42. 
[0526] FIG. 42 is a schematic view of the cartridge, gener­
ally indicated at 1700, and suitable fluidic connections 
between various components of the cartridge. Cartridge 1700 
is configured to receive and prepare a target-containing 
sample for PCR thermocycling and amplification. Prepara­
tion of the sample may include some or all of the following 
steps (not necessarily in this order): purification, lysing, con­
centration, combination with one or more reagents, and/or 
generation of droplets suitable for PCR. Droplets containing 
sample and reagent may be transferred from the cartridge to 
an instrument, generally indicated at 1700', which is config­
ured to heat the droplets cyclically to facilitate PCR amplifi­
cation. Dashed line L in FIG. 42 represents the interface 
between disposable cartridge 1700 and instrument 1700'. 
This interface may include suitable fluidic connectors, recep­
tors, and the like, to provide a reliable fluidic connection 
between the cartridge and instrument without significant 
leakage or contamination. 

[0527] A sample chamber 1702 of cartridge 1700 is con­
figured to receive a sample. The sample entering chamber 
1702 will contain, or at least potentially contain, a target for 
PCR amplification, such as one or more bacteria, viruses, 
DNA molecules, and/or other material that contains nucleic 
acid sequences. For example, the sample may be loaded in the 
form of eluant that was prepared from a sample collection 
swab. In some cases, the sample transferred to chamber 1702 
may already have been prepared to some extent, for example, 
by washing, concentrating, and/or lysing, and in other cases 
the sample may be substantially unprepared or "raw" when it 
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reaches chamber 1702. In any case, sample chamber 1702 
may be configured to receive and prepare the sample as 
described below. 
[0528] A waste chamber 1704 is fluidically connected to 
sample chamber 1702, and cartridge 1700 is configured to 
transfer fluid out of sample chamber 1702, through a filter 
1706, and into the waste chamber. Filter 1706 is configured to 
allow waste products to pass through itself and into the waste 
chamber, while retaining the PCR target material within the 
sample chamber. For example, filter 1706 may be a mem­
brane or other similar aperture-type filter with a known char­
acteristic size cutoff. Alternatively, or in addition, the filter 
may be configured to retain the PCR target within the sample 
chamber through a suitable form of affinity capture, such as 
by coating a portion of the sample chamber with an appropri­
ate binding compound. The filter may be used to capture and 
pre-concentrate the target before the sample is washed, and/or 
it may be used to retain, additionally concentrate, and/or 
purify the sample after the sample is washed. 
[0529] A reservoir chamber 1708 is fluidically connected to 
sample chamber 1702, and is configured to transfer to the 
sample chamber a reconstitution fluid, a wash solution, and/ 
or any other fluid suitable for combination with the filtered 
sample. For example, the fluid transferred from the reservoir 
chamber may be water, or a buffer solution, such as TE buffer 
(i.e., a combination of tris(hydroxymethyl)aminomethane, 
hydrochloric acid, and EDTA), which may remove matrix 
components that could inhibit downstream PCR amplifica­
tion. Fluid transferred from the reservoir chamber generally 
may include any agent configured to separate the target from 
undesirable components that may have been originally 
attached to the sample or that may have been used to capture 
the target when filter 1706 operates through affinity capture. 
[0530] Sample chamber 1702 also may be configured to 
lyse the sample. Lysing will typically, but not necessarily, be 
performed after the target has been washed and/or reconsti­
tuted with fluid transferred from reservoir chamber 1708. 
Lysing may be performed within the sample chamber through 
mechanical agitation, such as blending, vibrating, shaking, 
and/or stirring the sample within the chamber, to release 
nucleic acids from the sample. In some cases, agitation ele­
ments, such as discs, rods, and/or small beads may be present 
in the sample chamber to facilitate lysing. The sample and/or 
the agitation elements may be agitated by any suitable 
method, such as manually, through the application of sound 
waves (i.e., sonication), and/or using magnetic or electromag­
netic forces. 
[0531] Sample chamber 1702 also may be configured to 
concentrate the target-containing fluid sample. This can be 
accomplished prior to washing, by transferring some of the 
original sample-containing fluid from the sample chamber, 
through the filter, and into the waste chamber. Alternatively, 
or in addition, concentration can be accomplished by trans­
ferring some of the sample-containing fluid into the waste 
chamber after the sample is washed, while completely or 
substantially retaining the target nucleic acids within the 
sample chamber. Concentrating the fluid sample in this man­
ner results in a greater number of target nucleic acids per unit 
volume of fluid, which can lead to more efficient and faster 
PCR amplification in subsequent processing steps. 
[0532] Cartridge 1700 includes one or more reagent cham­
bers. Two reagent chambers 171 Oa, 171 Ob are depicted in 
FIG. 42, but more generally any desired number of reagent 
chambers, such as five or more, may be utilized. Each reagent 
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chamber contains reagents, such as primers, polymerase, and 
appropriate enzymes, configured to react with a particular 
target nucleic acid sequence and to undergo PCR amplifica­
tion if the target is present in the sample. Typically, the 
reagents will be pre-loaded into each reagent chamber during 
the cartridge manufacture, although in some embodiments 
the reagents may be loaded by a user or transferred from a 
related PCR instrument. 
[0533] The reagents may be stored in or introduced into the 
reagent chambers in any suitable manner. For example, the 
reagents may take the form of lyophilized pellets 1711a, 
1711b depicted in FIG. 42, or a coating (not shown) applied to 
a portion of the interior wall of each reagent chamber. Alter­
natively, a reagent coating may be applied to a stir element 
disposed within the reagent chamber, and/or to a plunger used 
to vary transfer fluid into and out of the reagent chamber. The 
reagent chambers of FIG. 42 are fluidically connected in 
parallel with the sample chamber, so that each reagent cham­
ber can separately receive a portion of the filtered, lysed 
sample-containing solution, without cross-contamination. 
One or more stir elements (not shown) may be included in 
each reagent chamber to facilitate mixing the sample with the 
pre-loaded reagents. When stir elements are included in the 
reagent chambers, they may operate manually, through soni­
cation, or using magnetic or electromagnetic forces, in a 
manner similar to the operation of the agitation elements used 
for lysing in the sample chamber. 
[0534] Reagent chambers 1710a and 1710b are each fluidi­
cally connected to a droplet generator, generally indicated at 
1712. Droplet generator 1712 is configured to generate dis­
crete micro-volume droplets, each containing all of the ingre­
dients for subsequent nucleic acid amplification via PCR. In 
general, droplet generator 1712 is configured to generate one 
or more water-in-oil emulsions, although other types of emul­
sions, such as oil-in-water, water-in-oil-in-water, and so forth 
are also possible. 
[0535] Parallel fluid connections lead to droplet generator 
1712 from reagent chambers 171 Oa and 171 Ob. A common oil 
reservoir 1714 is configured to transfer oil along the fluid 
paths indicated, so that oil arrives at each of intersection 
points 1716a and 1716b from two separate directions. At the 
intersection points, sample-containing solution arrives from 
the respective reagent chambers and combines with the oil 
from the oil reservoir to form water-in-oil droplets. The gen­
erated droplets are then transferred across interface Land into 
instrument 1700'. Each sample/reagent mixture may be trans­
ferred either serially or in parallel to droplet generator 1712. 
Other droplet generator configurations may be suitable, as 
described below. 
[0536] After droplets have been generated, system 1700 is 
configured to facilitate transfer of the droplets through inter­
face L to instrument 1700'. This transfer may be accom­
plished through the use of suitable fluidic tubing, capillaries, 
pumps, valves, and/or the like, which may be configured to 
transfer droplets to the instrument either as parallel streams or 
in separate (serial) batches, each of which contains droplets 
that include a specific reagent. The droplets then may be 
transferred through a multi-port valve and introduced into a 
thermocycler for PCR amplification. 

B. Example2 

Disposable Sample Cartridge 2 

[0537] This example describes an exemplary disposable 
cartridge that is suitable for performing some or all of the 
sample preparation steps described above; see FIGS. 43-45. 

32 
Jul. 8, 2010 

[0538] FIG. 43 is an isometric view ofan interior portion of 
the exemplary cartridge, generally indicated at 1720. The 
cartridge is configured to interface with an instrument (not 
shown), so that prepared samples can be transferred to the 
instrument, generally in the form of a water-in-oil emulsion, 
for PCR amplification and analysis. In addition to the interior 
portion depicted in FIG. 43, cartridge 1720 also may include 
a suitable exterior housing (not shown) disposed around some 
or the entirety of the interior portion. The exterior housing 
may be configured to protect the interior portion and may be 
shaped to facilitate storage and/or transportation of multiple 
cartridges. 
[0539] Cartridge 1720 includes an upper section 1722 and 
a lower section 1724, which are configured to fit together to 
form the interior portion of the cartridge. For clarity, the upper 
and lower sections are separated by a slight gap in the draw­
ings. These sections may be manufactured by any suitable 
method, such as by injection molding a thermoplastic mate­
rial. The upper and lower sections may be bonded together in 
any suitable manner, for example, with connecting pins ( or 
similar connectors), with an adhesive, and/or by thermal cur­
ing, to maintain the structural integrity of the assembled car­
tridge. 
[0540] FIGS. 44 and 45 are side elevation and top views, 
respectively, of the interior portion of cartridge 1720. These 
drawings, together with FIG. 43, show that the cartridge 
includes a number of discrete chambers. These chambers are 
fluidically connected by a fluid path, which is generally indi­
cated at 1726 in FIG. 45. Fluid path 1726 may result from 
joining complementary grooves formed within each of sec­
tions 1722 and 1724, so that a closed fluid path results when 
the sections are joined together. The grooves of each section 
may, for example, have an approximately hemispherical pro­
file, so that the grooves form a substantially cylindrical fluid 
path when the upper and lower sections of the cartridge are 
assembled. In other embodiments, the grooves may have 
other shapes, such as rectangular, and the allocation of the 
total cross section between the upper and lower sections may 
vary. 
[0541] A sample chamber 1728 of cartridge 1720 is con­
figured to receive a sample that contains ( or potentially con­
tains) a target nucleic acid sequence. The sample may be 
transferred into the sample chamber as a fluid, or it may be 
placed in the chamber attached to a swab or some other 
suitable sample collection medium. The sample chamber can 
be constructed to have any desired shape, such as the cylin­
drical shape depicted in FIGS. 43 and 44, and any desired 
volume, such as a volume in the range of 200 micro liters (µL) 
to 2 milliliters (mL). The volume of the sample chamber may 
depend in part on the number of separate nucleic acid targets 
for which the cartridge is configured to test, as described 
below. 
[0542] Sample chamber 1728 may include a filter 1730. 
The filter will typically be disposed near or below the bottom 
surface of the sample chamber. Filter 1730 may be a size­
exclusion filter configured to prevent passage of material 
larger than a particular preselected size. For example, to pre­
vent passage of bacteria having a characteristic size of 600 
nanometers (nm), the filter may be a membrane with a char­
acteristic cutoff size of 200-400 nm. To prevent passage of 
other material, the filter may be chosen to have a different 
characteristic cutoff size, which is selected based on the mate­
rial to be filtered. Membrane filtration based on size fraction­
ation is a simple, yet effective method of capturing target 
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cells. Once captured, the cells can be washed to remove 
potential PCR inhibitors that are soluble or below the size 
cutoff of the membrane. 

[0543] Alternatively, filter 1730 may operate through affin­
ity capture (i.e., by attracting and/or chemically binding one 
or more target molecules), or by solid phase extraction, such 
as chemical precipitation. However, membrane filtration may 
have certain advantages over solid phase extraction, includ­
ing a reduced number of processing steps, no hazardous 
reagents, fast processing times, and the potential for simulta­
neous concentration and purification of the target organisms, 
as described below. The sample chamber also may include 
one or more lysing elements, such as a stirring disc 1732 
and/or lysis beads 1734; see FIGS. 43-44. These elements are 
generally configured to facilitate lysis of a fluid in the sample 
chamber, through agitation of the sample to release nucleic 
acids by breaking down surrounding material (such as cellu­
lar material). The lysing disc 1732 or other similar stirring 
element will typically be disposed toward the bottom of, but 
within, the sample chamber. Lysis beads 1734, which can take 
the form of beads of any desired material and diameter, such 
as glass beads with diameters in the range of 70-700 µm, are 
configured to further facilitate lysis by colliding with and 
disrupting material within the agitated fluid of the sample 
chamber. 

[0544] Agitation of stirring disc 1732, which also can take 
the form of a rod or any other suitable shape, may be provided 
by magnetic or electromagnetic forces. For example, the stir­
ring disc may be sufficiently magnetic to respond to a chang­
ing magnetic field applied to the sample chamber. Thus, 
variations in the applied magnetic field can cause the stirring 
disc to spin and/or tumble, resulting in agitation of the fluid 
within the sample chamber. A variable magnetic field may be 
provided, for example, by a single low-cost driver located on 
the related PCR instrument. The driver may be configured to 
drive the lysing elements within one, several, and/or a multi­
tude of sample chambers simultaneously. Because the lysing 
elements are contained within the sample chamber and 
because the magnetic driver may be configured to act across 
a plurality of sample chambers, lysing within cartridge 1720 
does not require a special interface between the disposable 
cartridge and the related instrument. This configuration pro­
vides a high degree of amenability to integration and automa­
tion within a low-cost single-use cartridge. 

[0545] Sample chamber 1728 is configured to receive one 
or more fluids, such as a wash and/or a reconstitution solution, 
from a reservoir chamber 1736. 
[0546] When the sample transferred to the sample chamber 
is attached to a medium, such as a swab, fluid from the 
reservoir chamber may be used to reconstitute the sample into 
fluidic form. Fluid from the reservoir chamber also may be 
used to purify a sample, such as bacteria, by washing the 
sample with a buffer solution. The fluid in reservoir chamber 
1736 may be provided with the cartridge, supplied by a user, 
and/or transferred to the cartridge from an instrument to 
which the cartridge attaches. In any case, fluid may be trans­
ferred from reservoir chamber 1736 to sample chamber 1728 
along fluid path 1726, which connects the two chambers. This 
connection can be seen, for example, in FIG. 45, which is a 
top view of cartridge 1700. Fluid transferred from the reser­
voir chamber to the sample chamber passes through filter 
1730, so that the fluid is filtered before entering the sample 
chamber. 
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[0547] Cartridge 1720 also includes a waste chamber 1738. 
The waste chamber is configured to receive waste material, 
such as nucleic acid fragments and other waste material either 
introduced to the sample chamber with the sample or frag­
mented during lysing, from the sample chamber. Waste cham­
ber 1738 is fluidically connected to sample chamber 1728 
through fluid path 1726, which passes through filter 1730. 
Accordingly, fluid and fragmentary waste products may be 
transferred from the sample chamber to the waste chamber, 
while target material having a characteristic size ( or chemical 
affinity) suitable for capture by the filter will be retained 
within the sample chamber. 
[0548] For example, sample-containing solution may be 
purified prior to lysing by filtering the fluid through filter 1730 
and into waste chamber 1738. The fluid in the sample cham­
ber then may be replenished from reservoir chamber 1736, as 
described previously. Similarly, sample-containing solution 
may be purified and/or concentrated after lysing, again by 
filtering the fluid through filter 1730 and into waste chamber 
1738. The steps of purification, concentration, and fluid 
replenishment may be repeated any desired number of times 
by transferring fluid from the sample chamber to the waste 
chamber and from the reservoir chamber to the sample cham­
ber. 
[0549] FIGS. 43-45 depict five separate reagent chambers 
1740a, 1740b, 1740c, 1740d and 1740e within cartridge 
1720. In general, any desired number of reagent chambers, 
from one, two, three, four, five, six, seven, eight, nine, ten, or 
more, up to an arbitrarily large number, may be provided 
(both in this embodiment and other disposable cartridges 
shown herein). Each reagent chamber is configured to receive 
sample-containing fluid from the sample chamber, and to 
allow the combination of the sample-containing fluid with a 
particular reagent mixture. Sample-containing fluid can be 
transferred from the sample chamber to the reagent chambers 
along fluidic path 1726, which connects the sample chamber 
to each of the reagent chambers in parallel, as can be seen in 
FIG. 45. 
[0550] Each reagent mixture may include, for example, 
primers, polymerase, and/or enzymes suitable for PCR 
amplification of a particular nucleic acid sequence. The 
reagent mixtures in two or more of reagent chambers 17 40 
may be the same or substantially similar (for example, to 
allow for experimental control), or each reagent mixture may 
be substantially different, to search for multiple different 
target nucleic acid sequences. 
[0551] The reagent mixtures of cartridge 1720 are depicted 
as lyophilized pellets 1742a, 1742b, 1742c, 1742d, and 1742e 
disposed at the bottom of the associated reagent chambers; 
see FIG. 45. However, in general the reagent mixtures can be 
provided in any suitable form, such as within a fluid, as a 
lyophilized powder ( either loose or shaped into a form other 
than a pellet), or as a coating applied to the interior surface of 
each reagent chamber, among others. Furthermore, the 
reagent mixtures may be supplied with the cartridge, supplied 
by a user, or transferred to the cartridge from a PCR instru­
ment to which the cartridge is connected. 
[0552] Cartridge 1720 also includes an oil chamber 1744, 
which is fluidically connected to each of reagent chambers 
1740a, 1740b, 1740c, 1740d, and 1740e. Oil chamber1744 is 
configured to supply the oil needed to produce a water-in-oil 
emulsion containing droplets of sample and reagent fluid. 
More specifically, oil can pass from chamber 1744 to a plu­
rality of droplet generation regions 1745a, 1745b, 1745c, 
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1745d, and 1745e, each corresponding to and fluidically con­
nected with one of the reagent chambers. Each droplet gen­
erator is configured to generate droplets of a particular 
sample/reagent mixture suspended in an oil background. 
[0553] Specifically, as depicted in FIG. 45, oil in cartridge 
1720 passes from oil chamber 17 44 down a plurality of fluid 
pathways. These include a pairofoil pathways corresponding 
to each droplet generator and configured to intersect with a 
fluid pathway from one of the reagent chambers, to create 
water-in-oil droplets. The generated droplets then may pass 
through interface components, such as a plurality of capillary 
connectors 1746a, 1746b, 1746c, 1746d, and 1746e. The 
capillary connectors are configured to transfer fluid to a plu­
rality of corresponding capillaries 1748a, 1748b, 1748c, 
17 48d, and 17 48e, which are configured to interface with 
instrument 1700' (see, e.g., FIG. 42). 

C. Example3 

Exemplary Hydraulic Mechanisms 

[0554] This example describes aspects of two exemplary 
hydraulic mechanisms suitable for controlling fluid motion 
between the various chambers of a disposable cartridge; see 
FIGS. 46 and 47. 
[0555] FIG. 46 schematically illustrates aspects of a two­
chamber hydraulic mechanism, generally indicated at 1760, 
that is suitable for controlling fluid motion between the vari­
ous chambers of a disposable cartridge, such as cartridges 
1700 or 1720 described above. Each side of FIG. 46 depicts 
two fluid chambers 17 62 and 17 64. Each chamber is equipped 
with a plunger 1766, and a fluid 1768 is partially disposed 
within each chamber. In the left-hand portion of FIG. 46, the 
majority of the fluid is disposed in chamber 1764, and in the 
right-hand portion of FIG. 46, the majority of the fluid is 
disposed in chamber 1762. A connecting fluid pathway 1770 
is provided between chambers 1762 and 1764, which allows 
fluid 1768 to pass between the chambers. 
[0556] Fluid motion between chambers will occur when 
unequal forces are applied to the two plungers 1766, causing 
one of the plungers to move down while the other moves up. 
Such forces will typically be applied by a force actuator, such 
as a piston or a push rod, which will be contained within or 
otherwise integrated with an instrument configured to receive 
a disposable sample preparation cartridge. In this manner, 
fluid can be transferred between any of the previously 
described chambers of a disposable cartridge in a controlled 
manner. 
[0557] More specifically, motions of plungers 1766 may be 
controlled directly by a user and/or by an instrument config­
ured to receive and interact with the cartridge containing the 
plungers. For example, a user might manually load a sample 
or a sample-containing fluid into one of chambers 1762 or 
1764 (which would therefore be considered a sample cham­
ber), and then insert a plunger 1766 into the chamber, sealing 
the sample or sample-containing fluid within the chamber. 
Fluid then may be transferred hydraulically into and out of the 
sample chamber by depressing the appropriate plunger either 
manually or automatically. 
[0558] Automatic plunger motions may be controlled by a 
processor programmed to transfer fluids between chambers 
of the system in a predetermined manner. For instance, if 
hydraulic mechanism 1760 is incorporated into cartridge 
1700, then instrument 1700' may include force actuating 
structures complementary to the plungers of the hydraulic 
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mechanism, such as pistons, push rods or the like. These force 
actuators may be configured to depress the associated plung­
ers at particular times, in a particular order, or in response to 
signals sent to the instrument by a user. 

[0559] FIG. 47 schematically depicts a three-chamber 
hydraulic mechanism, generally indicated at 1780, which is 
similar to two-chamber mechanism 1760 of FIG. 46. Fluid 
chambers 1782, 1784, and 1786 each include a plunger 1787. 
A fluid 1788 is partially disposed within each chamber, and 
the chambers are fluidically connected by a fluid pathway 
1790. Accordingly, fluid will be transferred from one cham­
ber to one or both of the other chambers when plungers 1787 
are moved appropriately. For example, fluid from chamber 
1786 can be transferred to chambers 1782 and 1784 by 
depressing the plunger of chamber 1786 and simultaneously 
raising the plungers of chambers 1782 and 1784. 
[0560] If the chambers all have the same size and geometry, 
then to transfer an equal amount of fluid from chamber 1786 
to chambers 1782 and 1784, each of the plungers of chambers 
1782 and 1784 would be raised at half the rate with which the 
plunger of chamber 1786 is depressed. Alternatively, the 
chambers may have different sizes and/or shapes, in which 
case the plunger motions would be suitably modified to 
achieve equal fluid transfer from one chamber to the other 
chambers. Furthermore, fluid from one chamber can be 
divided among two or more other chambers according to any 
desired ratio of volumes, by controlling the motions of the 
various plungers. 

[0561] Plungers according to the present disclosure may 
include a locking mechanism. The locking mechanism of a 
particular plunger may be configured to lock the plunger into 
a particular position, to avoid undesirable transfer of fluid to 
or from a particular chamber. For example, a plunger associ­
ated with a waste chamber may include a locking mechanism 
configured to lock the plunger in place when the plunger 
reaches an upper (retracted) position, corresponding to a 
maximum volume of fluid within the waste chamber. This can 
prevent waste fluid from unintentionally being transferred 
back into another chamber, such as a sample chamber or a 
reservoir chamber, after waste has been removed from a 
sample. 

[0562] A suitable plunger locking mechanism can take 
various forms, each having the common property that the 
mechanism prevents particular unwanted plunger motions. 
For example, a suitable locking may include a mechanism 
integrated with the plunger itself, such as a spring-biased tab 
or the like (not shown) that snaps into place when the plunger 
reaches a certain position, preventing subsequent downward 
plunger motions. Alternatively, the locking mechanism may 
be associated with the instrument configured to receive the 
disposable cartridge, in which case the locking mechanism 
may include programming a controller to avoid causing 
downward motions of a particular plunger under certain cir­
cumstances. 

[0563] Plungers according to the present disclosure also 
may be configured to limit or eliminate leaks. For example, as 
depicted in FIG. 47, plungers 1787 may include both a lower 
seal 1790 and an upper seal 1792, attached to a common shaft 
1794 and separated by a desired distance. Seals 1790 and 
1792 typically will take the form of a-rings or similar struc­
tures configured to fit in a substantially fluid-tight manner 
within the inner circumference of the associated chamber. 
Thus, as FIG. 47 depicts (see chamber 1786), any residual 
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fluid 1788 that passes the lower seal as a plunger is depressed 
will still be trapped within the associated chamber by the 
upper seal. 

D. Example4 

Exemplary Droplet Generators 

[0564] This example describes various exemplary droplet 
generation configurations that may be suitable for generating 
water-in-oil droplets containing a mixture of sample and 
reagent; see FIGS. 48A-48F. The generated droplets then may 
be transported to a thermocycling instrument for PCR ampli­
fication. Each depicted configuration is compatible with con­
tinuous production of oil phase emulsions and with both 
pressure-controlled and positive displacement pumping. A 
droplet generator or droplet generation configuration accord­
ing to the present disclosure may be connected to a pressure/ 
pump source located on a complementary PCR instrument, or 
may include any pumps and/or pressure sources needed to 
facilitate droplet generation. 
[0565] Each depicted droplet configuration in FIGS. 48A-
48F may be capable of high-throughput droplet generation 
(-1,000 droplets per second) in a disposable device, such as a 
cartridge. Each configuration may be constructed by injection 
molding two layers of material that fit together to form fluid 
channels, such as cylindrical channels formed by comple­
mentary hemispherical grooves. The fluid channels of the 
droplet generation configurations depicted in FIGS. 48A-48F 
may have varying channel depths, such as 50, 100, 150, 200, 
or 250 µm, among others. 
[0566] FIG. 48A depicts a 3-port cross droplet generation 
configuration 1800 wherein oil from a first fluid well (or 
chamber) 1802 is transferred through two similar branches of 
a fluid channel section 1804. The oil from well 1802 intersects 
with aqueous fluid from a second fluid chamber 1806, which 
is transferred along a fluid channel section 1808 to an inter­
section area generally indicated at 1810. The oil from well 
1802 arrives at intersection 1810 from two different and sub­
stantially opposite directions, whereas the aqueous solution 
arrives at the intersection along only a single path that is 
substantially perpendicular to both directions of travel of the 
arriving oil. The result is that at intersection 1810, aqueous 
droplets in an oil background (i.e., a water-in-oil emulsion) 
are produced and transferred along a fluid channel section 
1812 to a third chamber 1814, where the emulsion can be 
temporarily stored and/or transferred to a thermocycling 
instrument. 
[0567] FIG. 48B depicts a configuration 1815 that is similar 
in most respects to droplet generation configuration 1800 
depicted in FIG. 48A. Specifically, in droplet generation con­
figuration 1815, oil from a first fluid chamber 1816 is trans­
ferred through two similar branches of a fluid channel section 
1818. Fluid channel sections 1818 intersect with a fluid chan­
nel section 1822 that transfers aqueous fluid from a second 
fluid chamber 1820, at an intersection area generally indi­
cated at 1824. As in configuration 1800, the oil from chamber 
1816 arrives at intersection 1810 from two different direc­
tions, but unlike in configuration 1800, the oil does not arrive 
from substantially opposite (antiparallel) directions. Rather, 
channel sections 1818 each intersect channel section 1822 at 
a non-perpendicular angle, which is depicted as approxi­
mately 60 degrees in FIG. 48B. In general, configuration 
1815 may include oil fluid channels that intersect an aqueous 
fluid channel at any desired angle or angles. Oil flowing 
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through channel sections 1818 and aqueous solution flowing 
through channel section 1822 combine to form a water-in-oil 
emulsion of aqueous droplets suspended in an oil back­
ground. As in the case of configuration 1800, the droplets then 
may be transferred along a fluid channel section 1826 to a 
third fluid chamber 1828, for storage and/or transfer to a 
thermocycling instrument. 
[0568] FIG. 48C depicts a four-port droplet generation con­
figuration 1829 that includes two separate oil wells or cham­
bers. A first oil chamber 1830 is configured to store oil and 
transfer the oil through a fluid channel section 1832 toward a 
channel intersection point generally indicated at 1842. A 
second oil chamber 1834 is similarly configured to store and 
transfer oil toward the intersection point through a fluid chan­
nel section 1836. An aqueous fluid chamber 1838 is config­
ured to store aqueous fluid, such as a sample/reagent mixture, 
and to transfer the aqueous fluid through fluid channel section 
1840 toward intersection point 1842. When the oil traveling 
through fluid channel sections 1832 and 1836 intersects with 
the aqueous fluid traveling through fluid channel section 
1840, a water-in-oil emulsion of aqueous droplets suspended 
in oil is generated. Although fluid channel 1840 is depicted as 
intersecting with each of fluid channels 1832 and 1836 at a 
perpendicular angle, in general the channels may intersect at 
any desired angle, as described previously with respect to 
droplet generation configuration 1815 of FIG. 48B. The 
emulsion generated at intersection 1842 travels through out­
going fluid channel section 1844 toward an emulsion cham­
ber 1846, where the emulsion may be temporarily held for 
transfer to an instrument, such as a thermocycling instrument. 
[0569] FIGS. 48D-48F schematically depict fluid channel 
intersection regions of several other possible droplet genera­
tion configurations, in which the arrows within the depicted 
fluid channels indicate the direction of fluid flow within each 
channel. Although fluid chambers for receiving and/or storing 
oil, water, and any generated emulsion are not depicted in 
FIGS. 48D-48F, these chambers or at least some source of oil 
and aqueous fluid would be present in a cartridge containing 
any of the depicted configurations. The fluid channels and any 
associated chambers may be formed by any suitable method, 
such as injection molding complementary sections of ther­
moplastic as described previously. 
[0570] FIG. 48D depicts a "single T" configuration 1850 in 
which oil traveling in an oil channel 1852 intersects with 
aqueous fluid traveling in an aqueous channel 1854 at fluid 
channel intersection 1856, to produce a water-in-oil emulsion 
that travels through outgoing fluid channel 1858. This con­
figuration differs from those of FIGS. 48A-48C in that oil 
arrives at the oil/water intersection from only a single direc­
tion. Accordingly, droplets may be formed by a slightly dif­
ferent physical mechanism than in configurations where oil 
arrives from two directions. For example, droplets formed in 
the single T configuration of FIG. 48D may be formed pri­
marily by a shear mechanism rather than primarily by a com­
pression mechanism. However, the physics of droplet forma­
tion is not completely understood and likely depends on many 
factors, including the channel diameters, fluid velocities, and 
fluid viscosities. 
[0571] FIG. 48E depicts a "double T" configuration 1860 in 
which oil traveling in an oil channel 1862 intersects with 
aqueous fluid traveling in a first aqueous channel 1864 at a 
first intersection 1866, to produce a water-in-oil emulsion that 
travels through intermediate fluid channel 1868. Channel 
1868 intersects with a second aqueous channel 1870 at a 
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second intersection 1872, to generate additional water-in-oil 
droplets within the emulsion. All of the generated droplets 
then travel through outgoing fluid channel 1874. This con­
figuration again differs from those of FIGS. 48A-48C in that 
oil arrives at the oil/water intersections from only a single 
direction. In addition, configuration 1860 differs from single 
T configuration 1850 depicted in FIG. 48D due to the pres­
ence of two oil/water intersections. This may result in a 
greater density of droplets in the water-in-oil emulsion gen­
erated by configuration 1860 than in the emulsion generation 
by configuration 1850, which includes only one oil/water 
intersection. 
[0572] FIG. 48F depicts a droplet generation configuration 
1880 in which oil traveling in an oil channel 1882 intersects 
with aqueous fluid traveling in first and second aqueous chan­
nels 1884 and 1886 at an intersection 1888. In this configu­
ration, the aqueous fluid arrives at the intersection from two 
opposite directions, both of which are substantially perpen­
dicular to the direction of travel of the oil in channel 1882. 
More generally, the aqueous fluid can intersect with the oil at 
any desired angles. Depending on at least the sizes of the 
various channels, the flow rates of the oil and the aqueous 
fluid, and the angle of intersection of the aqueous fluid chan­
nels with the oil channel, a configuration of this type may be 
suitable for producing either an oil-in-water emulsion or a 
water-in-oil emulsion. In either case, the emulsion will travel 
away from intersection 1888 through outgoing fluid channel 
1890. 

E. Example 5 

Disposable Sample Cartridge 3 

[0573] This example describes aspects of three alternative 
disposable sample preparation cartridges; see FIGS. 49-51. 
[0574] FIG. 49 is a schematic diagram depicting another 
disposable sample preparation cartridge, generally indicated 
at 1900, and suitable fluidic connections between various 
components of the cartridge. Cartridge 1900 is configured to 
receive and prepare a target-containing sample for PCR ther­
mocycling and amplification, and is substantially similar to 
cartridge 1700 depicted in FIG. 42 in many respects. Accord­
ingly, cartridge 1900 includes a sample chamber 1902, a 
waste chamber 1904, a filter 1906, a reservoir chamber 1908, 
and reagent chambers 1910a, 1910b that may be pre-loaded 
with reagents 1911a, 1911b. These components are similar to 
their counterparts in cartridge 1700, and will not be described 
again in detail. As in the case of cartridge 1700, any desired 
number of reagent chambers, such as five or more, may be 
provided in cartridge 1900. 
[0575] Cartridge 1900 also includes a droplet generator, 
generally indicated at 1912, which differs slightly from drop­
let generator 1712 of cartridge 1700. Specifically, droplet 
generator 1912 includes two separate oil reservoirs 1914a, 
1914b corresponding to, and separately connected to, the two 
different reagent chambers. Thus, oil reservoir 1914a trans­
fers oil to intersection point 1916a, where the oil combines 
with aqueous fluid from reagent chamber 191 Oa to form a first 
water-in-oil emulsion of sample/reagent droplets, and oil res­
ervoir 1914b transfers oil to intersection point 1916b, where 
the oil combines with aqueous fluid from reagent chamber 
1910b to form a second water-in-oil emulsion of sample/ 
reagent droplets. Both emulsions then may be transferred to 
an instrument 1900' for thermocycling. In comparison to 
cartridge 1800, providing separate oil reservoirs and oil chan-
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nels in the manner of cartridge 1900 may reduce any chance 
of cross-contamination between reagents from the separate 
reagent chambers. 
[0576] FIG. 50 is a schematic diagram depicting still 
another disposable sample preparation cartridge, generally 
indicated at 2000, and suitable fluidic connections between 
various components of the cartridge. Like cartridges 1700 
and 1900 depicted in FIGS. 42 and 49, respectively, cartridge 
2000 is configured to receive and prepare a target-containing 
sample for PCR thermocycling and amplification. Cartridge 
2000 includes a sample chamber 2002, a waste chamber 
2004, a first filter 2006, and a first reservoir chamber 2008, 
which are similar to their counterparts in cartridge 1700, and 
will not be described again in detail. 
[0577] Cartridge 2000 also includes a second reservoir 
chamber 2009. Filter 2006 is disposed between sample cham­
ber 2002 and each of reservoir chambers 2008 and 2009, and 
serves to retain the target-containing sample in the sample 
chamber as fluid is transferred into and out of the sample 
chamber. As in the previously described exemplary car­
tridges, reconstitution and/or wash fluid will typically be 
transferred into the sample chamber from one of the reservoir 
chambers, and waste fluid will typically be transferred out of 
the sample chamber into the waste chamber. 
[0578] First and second reservoir chambers 2008 and 2009 
are provided so that the sample in the sample chamber may be 
reconstituted and/or washed twice. For example, a reconsti­
tution solution may be transferred into the sample chamber 
from reservoir chamber 2008, after which the sample may be 
lysed as has been described previously. Waste fluid then may 
be transferred from the sample chamber into waste chamber 
2004, while the target material is retained in the sample cham­
ber. Next, a wash solution may be transferred into the sample 
chamber from reservoir chamber 2009, and waste fluid again 
may be transferred from the sample chamber into the waste 
chamber. Providing two reservoir chambers and two recon­
stitution/wash steps may result in a sample that contains 
relatively few impurities and thus a relatively high fraction of 
target material. 
[0579] A second filter 2007 is disposed between sample 
chamber 2002 and reagent chambers 2010a, 2010b. The 
reagent chambers may be pre-loaded with reagents 2011a, 
2011b, and both the reagent chambers and the reagents are 
similar to their previously described counterparts. Filter 2007 
is configured to allow passage of target nucleotide material 
from the sample chamber to the reagent chambers, while 
preventing passage of larger material, such as lysis beads or 
large waste material that remains in the sample chamber after 
purification and lysis. As in the case of cartridges 1700 and 
1900, any desired number ofreagent chambers, such as five or 
more, may be provided in cartridge 2000. 
[0580] Alternatively, or in addition, to filter 2007, addi­
tional filters 2012a, 2012b may be provided with reagent 
chambers 201 Oa, 2010b, and similar additional filters may be 
provided with each additional reagent chamber. These addi­
tional filters may serve a similar purpose as filter 2007, i.e., 
preventing relatively large waste material, such as lysis beads, 
from proceeding further through the cartridge. Providing both 
a second filter 2007 and additional filters 2012a, 2012b may 
result in a relatively more pure sample/reagent mixture trans­
ferred from the reagent chambers toward a droplet generation 
portion of the cartridge. 
[0581] Cartridge 2000 includes a droplet generator, gener­
ally indicated at 2014, which is configured to generate a 
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water-in-oil emulsion corresponding to each reagent cham­
ber. Unlike the previously described cartridges, however, the 
oil for the emulsion is supplied by a related instrument 2000' 
rather than from within the cartridge. To describe the interac­
tion between the cartridge and the instrument, primed refer­
ence numbers will be used to represent components of instru­
ment 2000', whereas unprimed reference numbers will 
continue to be used to reference components of cartridge 
2000. 
[0582] To supply oil to cartridge 2000, an oil reservoir 
2016' within instrument 2000' transfers the oil along oil lines 
2018a, 2020a, to generate droplets corresponding to reagent 
chamber 2010a. The oil intersects aqueous solution from 
reagent chamber 2010a at an intersection region 2022a, to 
generate droplets containing a sample/reagent mixture that 
may be transferred into instrument 2000' for thermocycling. 
Similarly, oil reservoir 2016' supplies oil along lines 2018b, 
2020b to generate droplets corresponding to reagent chamber 
2010b at an intersection region 2022b, and oil reservoir 2016' 
(or additional reservoirs, not shown) may be configured to 
supply oil to generate droplets corresponding to any desired 
number of additional reagent chambers that are included in 
cartridge 2000. 
[0583] Sample/reagent droplets generated at regions 
2022a, 2022b, and at any other additional droplet generation 
intersection regions of cartridge 2000, all may be transferred 
through corresponding fluidic pathways 2024a, 2024b (and 
so forth) to a multi-port valve 2026' ofinstrument 2000'. Valve 
2026' may, for example, be configured to receive droplets 
from multiple fluidic input channels, and to transfer the drop­
lets to a thermocycling region of the instrument in any desired 
manner, such as in controlled batches of one type of sample/ 
reagent droplets at a time. 
[0584] FIG. 51 is a schematic diagram depicting yet still 
another disposable sample preparation cartridge, generally 
indicated at 2100, and suitable fluidic connections between 
various components of the cartridge. Like the previously 
described cartridges, cartridge 2100 is configured to receive 
and prepare a target-containing sample for PCR thermocy­
cling and amplification. Cartridge 2100 includes several of 
the features of the other cartridges, including a sample cham­
ber 2102, a waste chamber 2104, a filter 2106, and reagent 
chambers 2110a, 2110b (plus any desired number of addi­
tional reagent chambers). These components are similar to 
their previously described counterparts, and will not be 
described again in detail. 
[0585] Cartridge 2100 is configured to be inserted into or 
otherwise interact with a related PCR instrument 2100', 
shown to the right of interface line Lin FIG. 51. In this case, 
instrument 2100' supplies substantially all of the working 
fluids, other than the sample or sample-containing fluid, to the 
cartridge. In other words, instrument 2100' is configured to 
prime cartridge 2100 with fluids.As in the case of the descrip­
tion relating to FIG. 50, primed reference numbers will be 
used in the description of FIG. 51 to represent components of 
instrument 2100', whereas unprimed reference numbers will 
continue to be used to reference components of cartridge 
2100. 
[ 0586] A reservoir pump 2112' of instrument 2100' may be 
equipped with a selector valve or similar mechanism to allow 
fluid to be selectively transferred from the reservoir pump 
through the various fluid channels leading from the pump. 
After cartridge 2100 is placed in a secure position within or 
adjacent to instrument 2100', so that a substantially fluid tight 
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seal is formed, the reservoir pump pumps fluid into fluid 
channel 2114 toward waste chamber 2104, which is typically 
empty of fluid when the cartridge is connected to the instru­
ment. Reservoir pump 2112' continues pumping fluid into 
channel 2114 until the fluid fills channel 2114 and proceeds 
through channel 2116 to fill filter 2106. The reservoir pump 
then stops pumping fluid into channel 2114 and begins pump­
ing fluid into channel 2118a toward reagent chamber 2110a, 
continuing until fluid fills channel 2118a. During operation of 
reservoir pump 2112', a waste pump 2120', which is fluidi­
cally connected to reagent chamber 211 Oa through a channel 
2122a, operates to draw away air and any excess fluid. 

[0587] Once fluid channels 2114, 2116, and 2118a have 
been primed with fluid, reservoir pump 2112' transfers a 
measured amount of fluid into fluid channel 2124 between the 
reservoir pump and sample chamber 2102, to fill channel 
2124, channel 2126a between the sample chamber and 
reagent chamber 2110a, and channel 2122a between reagent 
chamber 2110a and waste pump 2120'. Waste pump 2120' 
operates to draw away air and fluid as channels 2124, 2126a, 
and 2122a are primed with fluid. Next, reservoir pump 2112' 
transfers additional fluid through channel 2118a to reagent 
chamber 2110a, into channel 2130a, through droplet genera­
tion region 2132a, and into a multi-port valve 2134' ofinstru­
ment 2100'. 

[0588] At this point, the fluid channels leading from reser­
voir pump 2112' to sample chamber 2102, waste chamber 
2104, and reagent chamber 2110a, and from reagent chamber 
2110a to multi-port valve 2134', have all been primed with 
fluid. Reservoir pump 2112' may then be used to prime the 
fluid channels associated with any additional reagent cham­
bers. For example, reservoir pump 2112' may transfer a mea­
sured amount of fluid through channel 2124 to fill channel 
2126b between the sample chamber and reagent chamber 
2110b,and channel 2122b between reagent chamber 2110b 
and waste pump 2120', while waste pump 2120' operates to 
draw away air and fluid. Reservoir pump 2112' then may 
transfer fluid through channel 2128b directly to reagent 
chamber 2110b, into channel 2130b, through droplet genera­
tion region 2132b, and into multi-port valve 2134'. In a simi­
lar manner, reservoir pump 2112' (or in some cases, addi­
tional reservoir pumps) can be used to prime the fluid 
channels associated with any desired number of reagent 
chambers. 

[0589] Once the channels of cartridge 2100 have been 
primed to a desired degree, a sample or sample-containing 
fluid may be placed in the sample chamber, and all of the 
previously described steps of purification, concentration, lys­
ing, reagent combination, and/or droplet generation may be 
performed as described previously with respect to other car­
tridge embodiments. However, one additional distinction 
between cartridge 2100 and the previously described car­
tridges is that cartridge 2100 does not include an oil reservoir 
to supply oil for droplet generation. Rather, an oil reservoir 
2140' is included in instrument 2100'. Oil reservoir 2140' is 
configured to supply oil through lines 2142a and 2144a to 
droplet generation region 2132a, and through lines 2142b and 
2144b to droplet generation region 2132b. The oil reservoir 
can be configured to supply oil to any desired number of 
additional droplet generation regions, corresponding to addi­
tional reagent reservoirs beyond the two depicted in FIG. 51. 
After sample/reagent droplets are generated, they may be 

BIO-RAD EX.1026.103



US 2010/0173394 Al 

transferred to multi-port valve 2134', which is configured to 
transfer the droplets to a thermocycling portion of instrument 
2100' for PCR amplification. 

F. Example 6 

Disposable Sample Cartridge 4 

[0590] This example describes aspects of yet another alter­
native disposable sample preparation cartridge; see FIGS. 52 
and 53. 
[0591] FIG. 52 is an isometric view of an interior portion of 
the exemplary cartridge, generally indicated at 2150. Car­
tridge 2150 is configured to interface with an instrument (not 
shown), so that prepared samples can be transferred to the 
instrument, generally in the form of a water-in-oil emulsion, 
for PCR amplification and analysis. In addition to the interior 
portion depicted in FIG. 52, cartridge 2150 also may include 
a suitable exterior housing (not shown) disposed around some 
or the entirety of the interior portion. The exterior housing 
may be configured to protect the interior portion and may be 
shaped to facilitate storage and/or transportation of multiple 
cartridges. 
[0592] Cartridge 2150 includes an upper body portion 
2152, plus various plungers and connectors that will be 
described in more detail below. Body portion 2152 may be 
unitarily constructed, for example, by injection molding a 
thermoplastic or other similar material. A second, lower body 
portion (not shown) may be included in cartridge 2150 and 
connected to the upper body portion by heat sealing, gluing, 
or otherwise fastening the two body portions together, but this 
lower body portion is simply a substantially planar, feature­
less sheet of material and therefore will not be described 
further. Restricting the significant features within a unitarily 
constructed cartridge body portion, such as upper body por­
tion 2152, may have advantages in cost, simplicity, structural 
integrity, and/or improved functionality compared to a two­
piece construction where both pieces include features used 
for fluid manipulation and transfer, as shown and described 
(for example) with reference to FIGS. 43-44 above. 
[0593] Body portion 2152 of cartridge 2150 includes a 
sample chamber 2154 configured to receive a sample that 
potentially contains a target nucleic acid sequence, a reservoir 
chamber 2156 configured to supply a wash and/or a reconsti­
tution solution, a waste chamber 2158 fluidically connected 
to the sample chamber and configured to receive waste mate­
rial, and various reagent chambers 2160a, 2160b, 2160c, 
2160d, 2160e each fluidically connected to the sample cham­
ber and configured to receive sample-containing fluid and to 
combine the sample-containing fluid with a reagent mixture 
prior to PCR thermocycling. In addition, body portion 2152 
of cartridge 2150 includes droplet chambers 2161a, 2161b, 
2161c, 2161d, 2161e, each of which is configured to receive 
an emulsion of water-in-oil, sample-containing droplets 
including the sample/reagent mixture contained in the corre­
sponding reagent chamber. As described previously, any 
desired number of reagent chambers (and corresponding 
droplet chambers) may be included in a cartridge. The sample 
chamber, reservoir chamber, waste chamber, and reagent 
chambers are substantially similar in both structure and func­
tion to their counterparts in cartridge 1720 of FIG. 43, includ­
ing any appropriate filters, stirring elements, and the like, and 
accordingly will not be described in detail again. 
[0594] Body portion 2152 also includes an oil input cham­
ber 2162, an oil outlet chamber 2164, and a primer outlet 
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chamber 2166. Oil input chamber 2162 is configured to hold 
and transfer oil that will be used to produce sample-contain­
ing droplets in a water-in-oil emulsion, in a manner described 
below in more detail. Oil outlet chamber 2164 is configured to 
receive oil that has been transferred out of the oil input cham­
ber, but that has not been utilized in the water-in-oil emulsion 
of sample-containing droplets. The excess oil received in oil 
outlet chamber 2164 may be either discarded or recycled (i.e., 
redirected to the oil input chamber). Primer outlet chamber 
2166 is configured to receive one or more priming fluids 
during an initial cartridge priming step, in a manner that will 
be described in more detail below. 

[0595] In addition to upper body portion 2152, cartridge 
2150 also includes a fluid manipulation portion, generally 
indicated at 2168. The fluid manipulation portion of the car­
tridge includes a sample chamber plunger 2170 and various 
reagent chamber plungers 2172a, 2172b, 2172c, 2172d, 
2172e. The plungers are configured to move up and down 
within their respective chambers, to cause fluid to be trans­
ferred into and out of the chambers in a desired fashion. Fluid 
manipulation portion 2168 of the cartridge also includes a 
plurality of substantially similar capillary connectors 2174, 
and a plurality of substantially similar capillaries 2176. The 
capillary connectors are configured to transfer fluid to and/or 
from the corresponding chamber to the corresponding capil­
lary, which is configured to interface with an associated ther­
mocycling instrument. 

[0596] FIG. 53 is a bottom view of upper body portion 
2152, illustrating a network of fluid channels forming the 
fluid connections between various portions of the cartridge. 
As noted above, a lower body portion (not shown) of cartridge 
2150 will generally be disposed flush against the bottom 
surface of upper body portion 2152, to form a fluid tight seal 
so that fluid is only able to travel between portions of the 
cartridge through the various fluid channels shown in FIG. 53. 
Thus, the network of fluid channels is defined by a lower 
surface of the upper body portion and an upper surface of the 
lower body portion, although the upper surface of the lower 
body portion is in this example a substantially planar surface, 
so that the fluid channels are formed entirely in the upper 
body portion of the cartridge. 

[0597] Specifically, a fluid channel 2178 is configured to 
transfer reconstitution/wash and/or priming fluid into sample 
chamber 2154 from reservoir chamber 2156, and another 
fluid channel 2180 is configured to transfer waste fluid out of 
sample chamber 2154 and into waste chamber 2158. Yet 
another fluid channel 2182 is configured to transfer sample­
containing fluid from sample chamber 2154 into reagent 
chambers 2160a, 2160b, 2160c, 2160d, 2160e, and also to 
transfer priming fluid from sample chamber 2154 into primer 
outlet chamber 2166. Yet another fluid channel 2184 is con­
figured to transfer oil from oil input chamber 2162 to a plu­
rality of droplet generation regions 2186a, 2186b, 2186c, 
2186d, 2186e. The droplet generation regions are each fluidi­
cally connected to one of the reagent chambers and each 
configured to receive sample/reagent mixture fluid from one 
of the reagent chambers and to combine the sample/reagent 
mixture fluid with a background fluid to form an emulsion of 
sample-containing droplets. A plurality of fluid channels 
2188a, 2188b, 2188c, 2188d, 2188e are configured to trans­
port the generated droplets from their respective droplet gen­
eration regions to corresponding droplet chambers 2161a, 
2161b,2161c,2161d,2161. 
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[0598] Typically, cartridge 2150 will be primed with fluid 
( s) supplied by a related instrument. For instance, when a fluid 
connection has been established between the cartridge and 
the instrument, priming fluid such as oil, water, or any other 
substantially incompressible fluid may be transferred from 
the instrument, through the appropriate capillary and capil­
lary connector, and into reservoir chamber 2156. The priming 
fluid then may be transferred from the reservoir chamber, 
through fluid channel 2178, and into sample chamber 2154. 
From the sample chamber, the priming fluid may be trans­
ferred through fluid channel 2182 and into primer outlet 
chamber 2166 and/or the reagent chambers. Similarly, oil or 
some other priming fluid may be transferred from the instru­
ment into oil input chamber 2162, through fluid channel 
2184, and into oil outlet chamber 2164 and/or the droplet 
generation chambers. In this manner, desired priming fluids 
can be used to prime any desired subset of the fluid chambers 
and channels of cartridge 2150. 
[0599] Plungers 2170, 2172a, 2172b, 2172c, 2172d, and 
2172e (and any other plungers contemplated by the present 
disclosure) each may be configured both to direct fluids as 
desired through particular fluid channels, and also to selec­
tively allow or prevent fluid flow in and out of various cham­
bers. In other words, each plunger may be configured to 
operate as a valve in addition to operating as a plunger, by 
selectively opening or closing the entrance to one or more 
particular fluid channels. For example, when reagent plung­
ers 2172a, 2172b, 2172c, 2172d, and 2172e are in their most 
downward positions (minimizing the volumes of the reagent 
chambers), the plungers may be configured to block fluid 
connection between fluid channel 2182 and fluid channel 
2184 (see FIG. 53), so that channel 2182 can be primed with 
fluid independently of channel 2184. In a similar manner, the 
plungers of any cartridge can be used as valves, to prevent or 
allow fluid flow between various portions of the cartridge. 
[0600] Disposable cartridge 2150 of FIGS. 52 and 53 is just 
one example of a disposable cartridge that is configured to be 
primed with fluid supplied by an associated instrument. The 
present disclosure contemplate other disposable cartridges 
that may be substantially similar except for the disposition of 
various chambers and/or variations in how fluids are routed 
between the various chambers, or between the chambers and 
the instrument. For example, the waste chamber and/or the 
reservoir chamber may be disposed on the instrument rather 
than on the cartridge as in FIGS. 52 and 53. A plurality of oil 
input chambers may be provided, with each chamber supply­
ing oil to a single droplet generation region rather than one 
chamber supplying oil to multiple regions as in FIGS. 52 and 
53. The droplet generation regions may take any of the vari­
ous forms described previously with respect to FIGS. 48A-
48F, such as a cross configuration instead of a single T con­
figuration as in FIGS. 52 and 53. Excess oil or priming fluid 
may either be discarded as in FIGS. 52 and 53, recycled, or 
routed through the droplet generator outlet(s). 
[0601] Droplets may be routed either through multiple out­
lets as in FIGS. 52 and 53 or through a single, common outlet. 
Virtually any combination of the above variations may be 
adopted, resulting in a modified system that may be most 
appropriate for a particular application. 

G. Example7 

Selected Embodiments 

[0602] This subsection describes additional aspects of 
sample preparation and sample cartridges, in accordance with 
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aspects of the present disclosure, presented without limitation 
as a series of numbered sentences. 
[0603] 1. A method of target molecule amplification, com­
prising (A) purifying a fluid sample; (B) lysing the sample; 
(C) combining the sample with a reagent mixture; (D) gen­
erating droplets of the sample in an emulsion; and (E) trans­
ferring the emulsion to a thermocycling instrument; wherein 
the steps of purifying, lysing, combining, and generating are 
all performed within a disposable, single-use cartridge. 
[0604] 2. The method of paragraph 1, further comprising 
extracting the sample from a sample collector within the 
disposable cartridge. 
[0605] 3. The method of paragraph 1, further comprising 
concentrating the sample within the disposable cartridge. 
[0606] 4. The method of paragraph 1, wherein purifying 
includes purifying prior to lysing by retaining target material 
within the sample while removing waste material smaller 
than the target material. 
[0607] 5. The method of paragraph 1, wherein purifying 
includes purifying after lysing by retaining target material 
within the sample while removing waste material larger than 
the target material. 
[0608] 6. A single-use sample preparation cartridge, com­
prising a first body portion and a second body portion, 
wherein the the first body portion includes (A) a sample 
chamber configured to receive a sample; (B) a reservoir 
chamber fluidically connected to the sample chamber and 
configured to supply a reconstitution fluid to the sample 
chamber; (C) a waste chamber fluidically connected to the 
sample chamber and configured to receive waste fluid from 
the sample chamber; (D) a plurality of reagent chambers each 
fluidically connected to the sample chamber and each config­
ured to receive sample-containing fluid from the sample 
chamber and to combine the sample-containing fluid with a 
reagent mixture; and (E) a plurality of droplet generation 
regions, each fluidically connected to one of the reagent 
chambers and each configured to receive sample/reagent mix­
ture fluid from one of the reagent chambers and to combine 
the sample/reagent mixture fluid with a background fluid to 
form an emulsion of sample-containing droplets; and wherein 
the sample chamber, the reservoir chamber, the waste cham­
ber, the reagent chambers, and the droplet generation regions 
are fluidically connected to each other by a network of fluid 
channels defined by a lower surface of the first body portion 
and an upper surface of the second body portion. 
[0609] 7. The cartridge of paragraph 6, wherein the fluid 
channels are formed entirely in the first body portion, and 
wherein the upper surface of the second body portion is a 
substantially planar surface. 
[0610] 8. The cartridge of paragraph 6, wherein the back­
ground fluid is oil, and further comprising an oil input cham­
ber configured to receive oil to be transferred to the droplet 
generation regions. 
[0611] 9. The cartridge of paragraph 8, further comprising 
an oil outlet chamber configured to receive oil that has been 
transferred out of the oil input chamber, but that has not been 
utilized in one of the emulsions. 
[0612] 10. The cartridge of paragraph 6, further comprising 
a plurality of droplet chambers each configured to receive one 
of the generated emulsions. 
[0613] 11. The cartridge of paragraph 6, further comprising 
a fluid manipulation portion including a plurality of plungers 
configured to cause fluid to be transferred into and out of the 
chambers. 
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[0614] 12. The cartridge of paragraph 11, wherein the fluid 
manipulation portion further includes a plurality of connec­
tors configured to transfer fluid between at least one chamber 
of the cartridge and the instrument. 
[0615] 13. The cartridge of paragraph 11, wherein each 
plunger is configured to act as a valve by selectively closing 
an entrance to at least one of the fluid channels when in its 
most downward position. 
[0616] 14. The cartridge of paragraph 11, wherein the 
sample chamber includes an agitation element configured to 
be agitated by magnetic forces. 
[0617] 15. The cartridge of paragraph 11, wherein the 
reagent chambers are fluidically connected to the sample 
chamber in parallel. 
[0618] 16. The cartridge of paragraph 11, wherein the back­
ground fluid is oil, and further comprising at least one oil 
reservoir fluidically connected to at least one of the reagent 
chambers and configured to supply the oil used to form the 
corresponding emulsion. 
[0619] 17. The cartridge of paragraph 16, wherein the at 
least one oil reservoir includes one oil reservoir correspond­
ing to each reagent chamber and configured to supply the oil 
used to form the corresponding emulsion. 
[0620] 18. A microfluidic device having integrated lysing, 
separating, reagent mixing and microdroplet generating 
regions for extracting nucleic acid from a sample and for 
formation of microdroplets, comprising (A) a lysing region 
for lysing a cell or microorganism to release the nucleic acid; 
(B) a separating region for separating the nucleic acid from 
other parts of the cell or microorganism, wherein the separat­
ing region is connected to the lysing region; (C) a reagent 
mixture region for mixing the nucleic acid with at least one 
reagent; wherein the reagent mixture region is connected to 
the separating region; and (D) a droplet generating region 
comprising a sample inlet end, an immiscible fluid, and an 
outlet end, wherein the droplet generating region is connected 
to the reagent mixture region. 

IV. Droplet Generator 

[0621] This Section describes exemplary droplet genera­
tors, for example, for use in droplet-based assays. 
[0622] It may be desirable, in systems such as DNA ampli­
fication systems, among others, to generate sample-contain­
ing droplets using a partially or completely disposable appa­
ratus. This may be accomplished by a disposable cartridge 
configured to generate droplets as part of a series of sample 
preparation steps that also may include lysing, purification, 
and concentration, among others. However, in other cases, it 
may be desirable to provide a partially or completely dispos­
able apparatus configured to perform droplet generation with­
out performing substantial additional sample preparation 
steps. This may be desirable, for example, when the DNA 
amplification system is configured to analyze samples that are 
typically prepared at another location or by a practitioner. 
Under these circumstances, a dedicated droplet generation 
system may be the simplest and most economical solution. 
[0623] FIG. 54 schematically illustrates a droplet genera­
tion system, generally indicated at 2200. System 2200 
includes a droplet generator 2202 and a fluid reservoir 2204. 
Droplet generator 2202 is configured to generate sample­
containing droplets, typically in the form of a water-in-oil 
emulsion, and to transport the generated droplets to a desired 
location such as a storage location or a thermocycling instru­
ment. Fluid reservoir 2204 is configured to store and/or 
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receive the fluids that will be used to form the emulsion, 
typically a background fluid such as oil and a foreground fluid 
such as an aqueous solution containing a DNA sample and a 
reagent mixture. 
[0624] To generate an emulsion of droplets, droplet genera­
tor 2202 will typically be at least partially disposed within 
fluid reservoir 2204, as FIG. 54 indicates. To transport drop­
lets away from reservoir 2204, droplet generator 2202 will 
typically either be physically removable from the reservoir, or 
will include suitable fluid connections, schematically indi­
cated at 2206, configured to receive droplets from the droplet 
generator and to transfer them to another desired location. 
When droplet generator 2202 is configured to be removable 
from reservoir 2204, one or both of the droplet generator and 
the reservoir may be disposable. Disposing of any portions of 
the system that have come into direct contact with a sample 
may, for example, help to avoid the possibility of cross­
contamination between multiple samples. 
[0625] Many configurations of droplet generators and fluid 
reservoirs may be suitable as components of a droplet gen­
eration system such as system 2200. For example, suitable 
droplet generators include butted tubes, tubes drilled with 
intersecting channels, tubes partially or completely inserted 
inside other tubes, and tubes having multiple apertures, 
among others, where "tubes" means elongate hollow struc­
tures of any cross-sectional shape. Suitable fluid reservoirs 
include pipette tips, spin colunms, wells ( either individual or 
in a plate array), tubes, and syringes, among others. The 
following examples describe specific exemplary droplet gen­
erators and fluid reservoirs; see FIGS. 
[0626] 55-71. Additional pertinent disclosure may be found 
in the U.S. provisional patent applications listed above under 
Cross-References and incorporated herein by reference, par-
ticularly Ser. No. ___ , filed Sep. 21, 2009, titled DROP-
LET GENERATOR FOR DROPLET-BASED ASSAYS, and 
naming Kevin Dean Ness, Benjamin J. Hindson, Billy W. 
Colston, Jr., and Donald A. Masquelier as inventors. 

A. Example 1 

[0627] FIGS. 55 and 56 depict exemplary cross-type drop­
let generators. 
[0628] FIG. 55 schematically depicts a first exemplary 
cross-type droplet generator, generally indicated at 2210, in 
the form of a pair of butted tubes. 
[0629] The term "cross-type droplet generator" indicates 
that a background emulsion fluid ( typically oil) travels inward 
from two substantially opposite directions to intersect a fore­
ground emulsion fluid (typically an aqueous fluid) traveling at 
right angles to the direction of travel of the background fluid, 
to form an emulsion that moves along the original direction of 
travel of the foreground fluid. Thus, the directions of travel of 
the incoming background fluid, the incoming foreground 
fluid, and the outgoing emulsion form a cross. 
[0630] Accordingly, droplet generator 2210 includes two 
complementary sections ofhollow fluidic tubing 2212, 2214, 
separated by a small distance D. Tubing sections 2212, 2214 
may be constructed from a single continuous hollow tube that 
has been cut and separated, in which case the tubing sections 
will have substantially equal outer and inner diameters. Alter­
natively, tubing sections 2212, 2214 may be constructed sepa­
rately and then disposed appropriately within droplet genera­
tor 2210, in which case the tubing sections may have 
substantially different outer and/or inner diameters. 
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[0631] Tubing sections 2212, 2214 are disposed at least 
partially within an oil channel 2216. Oil channel 2216 will 
typically be a portion of a fluid reservoir configured to supply 
fluids, including oil and/or sample-containing aqueous fluid, 
to droplet generator 2210. Various exemplary fluid reservoirs 
are described in Example 2 below. Oil channel 2216 may take 
various forms, such as a cylindrical channel formed within a 
tube, a rectangular channel formed between substantially pla­
nar channel walls, or simply a fluid flow path within a sur­
rounding reservoir of fluid, among others. Tubing sections 
2212, 2214 may be formed integrally with oil channel 2216, 
or the tubing sections may be inserted into one or more 
apertures of the oil channel in a substantially fluid tight man­
ner. 
[0632] Tubing section 2212 includes a hollow inner portion 
forming an incoming fluid channel 2218, and tubing section 
2214 includes a hollow inner portion forming an outgoing 
fluid channel 2220. Incoming fluid channel 2218 is config­
ured to transport sample-containing fluid from a fluid source 
such as a surrounding fluid reservoir or a reagent chamber 
into oil channel 2216, and may be pressurized relative to the 
oil channel to facilitate that transfer. To generate sample­
containing droplets, oil in oil channel 2216 and sample-con­
taining fluid in incoming fluid channel 2218 each may be 
pressurized relative to outgoing fluid channel 2220, tending 
to draw both oil and sample-containing fluid toward an inlet 
aperture 2222 of the outgoing fluid channel. As the sample­
containing fluid exits an outlet aperture 2224 of incoming 
fluid channel 2218, aqueous droplets of sample-containing 
fluid may be formed in an oil background, resulting in a 
water-in-oil emulsion of droplets entering the outgoing fluid 
channel. 
[0633] One of tubing sections 2212, 2214 may be fixed 
within a surrounding fluid reservoir, whereas the other section 
may be removable from the surrounding reservoir. In such 
cases, tubing section 2212 will typically be fixed in place, 
whereas tubing section 2214 will typically be removable, and 
may be configured to be selectively placed into position at a 
known, desired distance from tubing section 2214. For 
example, tubing section 2214 may represent the tip of a 
syringe, pipette, or the like, which may be inserted into a 
reservoir containing oil channel 2216 and used to create and 
store sample-containing droplets by applying suction to draw 
an emulsion of sample-containing droplets into inlet aperture 
2222 of the outgoing fluid channel. Tubing section 2214 then 
may be removed from the fluid reservoir, and the emulsion 
transferred to another desired location such as a thermocy­
cling instrument. 
[0634] FIG. 56 depicts a second exemplary cross-type 
droplet generator, generally indicated at 2230. Droplet gen­
erator 2230 is constructed from a single section of fluidic 
tubing, through which two perpendicular and intersecting 
fluid channels 2232 and 2234 are formed. Droplet generator 
2230 may be temporarily or permanently disposed within a 
fluid reservoir (not shown) configured to hold fluids used to 
form an emulsion of sample-containing droplets, such as a 
background oil and a foreground sample-containing aqueous 
solution. A distal aperture 2236 of fluid channel 2232 is 
configured to receive and transport the sample-containing 
solution, and intermediate apertures 2238, 2240 of fluid chan­
nel 2234 is configured to receive and transport the back­
ground oil. 
[0635] At an intersection region generally indicated at 
2242, sample-containing fluid traveling through channel 
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2232 intersects with oil traveling through channel 2234, and 
a water-in-oil emulsion of sample-containing droplets is gen­
erated. This emulsion then continues to travel through chan­
nel 2232 along the original direction of travel of the sample­
containing fluid (from left to right in FIG. 56). The emulsion 
then may be transferred to a storage location and/or to a 
thermocycling instrument as is desired. In some cases, drop­
let generator 2230 may be the tip of a removable and/or 
disposable component such as a syringe or pipette, or alter­
natively, droplet generator 2230 may represent the distal por­
tion of a fixed, nondisposable component that is configured to 
transport a droplet emulsion away from a fluid reservoir to a 
desired location. 

B. Example2 

[0636] FIGS. 57 and 58 depict exemplary flow-focus drop­
let generators. 
[0637] FIG. 57 depicts a first exemplary flow-focus droplet 
generator, generally indicated at 2250. The term "flow-focus 
droplet generator" indicates that droplets are generated when 
a background fluid is focused by the local geometry of its 
surroundings toward an intersection region where it intersects 
a foreground, sample-containing fluid. An emulsion of 
sample-containing droplets is then formed. Unlike in a cross­
type droplet generator, the background and foreground fluids 
in a flow-focus droplet generator need not intersect at sub­
stantially right angles, as indicated in FIG. 57. 
[0638] Flow-focus droplet generator 2250 includes a fluid 
input channel 2252, a droplet output channel 2254, and an oil 
reservoir 2256. Fluid input channel 2252 is configured to 
transport sample-containing fluid toward a fluid intersection 
region generally indicated at 2258. As FIG. 57 depicts, fluid 
input channel 2252 may be substantially cylindrical with an 
elongate tapered tip 2260 configured to produce fluid droplets 
of a desired size, although variations such as a non-tapered tip 
also may be suitable. Droplet output channel 2254 also may 
be substantially cylindrical or have any other desired shape 
suitable for directing the background oil toward intersection 
region 2258 in conjunction with tip 2260, as described below. 
Oil reservoir 2256 is configured to receive and/or store oil or 
any other suitable emulsion background fluid. 
[0639] To generate droplets, a pressure differential is cre­
ated to draw fluid from both input channel 2252 and oil 
reservoir 2256 into output channel 2254. Due to the geometry 
of the input channel, the output channel, and the reservoir, oil 
from the reservoir forms a fluid path that is focused toward 
intersection region 2258 with a component of fluid velocity 
parallel to the direction of travel of the sample-containing 
fluid within the fluid input channel, as indicated by arrows 
2262 in FIG. 57. An emulsion of sample-containing droplets 
in an oil background is formed and travels away from inter­
section region 2258 within fluid output channel 2254, in 
substantially the same direction of motion as the direction of 
motion of the sample-containing fluid within fluid input chan­
nel 2252. 
[0640] Output channel 2254 either may be fixed within oil 
reservoir 2256, in which case it will be configured to transfer 
the generated water-in-oil emulsion out of the oil reservoir to 
another desired location such as a storage location or a ther­
mocycling instrument. Alternatively, output channel 2254 
may be part of a removable and/or disposable component 
such as the tip of a syringe or a pipette, in which case it may 
be removed once a desired amount of emulsion has been 
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generated. The emulsion then may be physically transported, 
in bulk, to another desired location. 
[0641] FIG. 58 depicts a second flow-focus droplet genera­
tor, generally indicated at 2280. Droplet generator 2280 is 
similar to droplet generator 2250 of FIG. 57, except that 
droplet generator 2280 does not include a separate sample­
containing fluid input channel. Instead, droplet generator 
2280 includes only a droplet output channel 2282 and a fluid 
reservoir 2284. In this case, however, fluid reservoir 2284 is 
configured to receive and/or store both sample-containing 
fluid and a suitable emulsion background fluid such as oil. As 
in the embodiment ofFIG. 57, the droplet output channel may 
be part of a removable and/or disposable component. 
[0642] To generate droplets with droplet generator 2280, a 
pressure differential is created to draw fluid into output chan­
nel 2282. Again due to the local geometry of the area near a 
fluid intersection region 2286, oil from the reservoir forms a 
fluid path that is focused toward intersection region 2286, as 
indicated by arrows 2288. In addition, sample-containing 
fluid is drawn toward intersection region 2286, where the 
meniscus at the boundary between the sample-containing 
fluid and the oil forms a necking region 2290 adjacent to the 
intersection region. In the necking region, the meniscus is 
periodically deformed into an elongate "neck," at which point 
a discrete droplet is separated from the meniscus. An emul­
sion of sample-containing droplets in an oil background is 
thus formed as droplets are generated one at a time in the 
necking region. 

C. Example3 

[0643] FIGS. 59 and 60 depict yet another cross-type drop­
let generator, generally indicated at 2300. Droplet generator 
2300 includes a disposable sample-containing portion 2302, 
and a nondisposable droplet outlet portion 2304. Sample­
containing portion 23 02 may be configured to be a single-use, 
disposable component, and accordingly may be constructed 
of a relatively inexpensive material such as an injection­
molded thermoplastic. FIG. 59 depicts droplet generator 
2300 with sample-containing portion 2302 and droplet outlet 
portion 2304 substantially separated from each other and thus 
not in a position suitable for producing sample-containing 
droplets. FIG. 60 depicts droplet generator2300 with sample­
containing portion 2302 and droplet outlet portion 2304 dis­
posed in close proximity to each other, in position for pro­
ducing sample-containing droplets as described below. 
[0644] Sample-containing portion 2302 of droplet genera­
tor 2300 includes a sample reservoir 2306 and a sample fluid 
channel 2308. The sample reservoir may be configured to 
receive sample-containing fluid through any suitable fluid 
input mechanism such as fluidic tubing (not shown), manual 
insertion of sample-containing fluid by a practitioner, or auto­
matic insertion of sample-containing fluid by a machine. 
Sample fluid channel 2308 is configured to transport fluid 
from the sample reservoir toward a fluid outlet aperture 2310, 
which is configured to emit droplets of sample-containing 
fluid that have passed through the sample fluid channel from 
the sample reservoir. Sample-containing portion 2302, 
sample reservoir 2306, and sample fluid channel 2308 
depicted in the cross-sectional view of FIGS. 59-60 are all 
substantially cylindrical, although other shapes may be suit­
able. 
[0645] Droplet outlet portion 2304 of droplet generator 
2300 includes an emulsion outlet channel 2312, which is 
configured to transport an emulsion of sample-containing 
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droplets toward a desired location such as a storage chamber 
or a thermocycling instrument (not shown). Droplet outlet 
portion 2304 also includes an oil channel 2314, which is 
defined by upper and lower channel walls 2316, 2318 of the 
outlet portion. Oil channel 2314 may take the form of an 
elongate groove, a cylindrical ( or alternately shaped) substan­
tially planar reservoir, or any other desired form suitable for 
facilitating the transfer of oil toward droplet outlet channel 
2312. 
[0646] A substantially cylindrical aperture 2320 is formed 
in upper channel wall 2316 of the droplet outlet portion, and 
is configured to receive a complementary cylindrical lower 
part 2322 of sample-containing portion 2302. A fluid tight 
sealing ring 2324, such as an a-ring, may be provided to help 
form a substantially fluid tight seal between sample-contain­
ing portion 2302 and droplet outlet portion 2304 when the two 
portions are assembled together. A cylindrical groove may be 
formed in the exterior surface of sample-containing portion 
2302 to retain the a-ring in a desired position, and another 
similar groove may be provided within aperture 2320. Align­
ing the a-ring within these grooves may help a user to locate 
the correct mounting position of the sample-containing por­
tion within cylindrical aperture 2320. Alternatively or in addi­
tion, various locating pins or other similar protrusions (not 
shown) may be provided and attached to one or both of the 
sample-containing portion and the droplet outlet portion, to 
stop those portions at a desired separation distance from each 
other when the sample-containing portion is mounted to the 
droplet outlet portion. 
[0647] FIG. 60 shows the two main portions of droplet 
generator 2300 assembled together and droplets being 
formed. Oil travels within oil channel 2314, inward toward 
droplet outlet channel 2312, as indicated by arrows 2330. At 
the same time, sample-containing fluid travels downward 
through sample fluid channel 2308 to intersect the oil at an 
intersection region generally indicated at 2332. At intersec­
tion region 2332, an emulsion of water-in-oil droplets is pro­
duced and passes into droplet outlet channel 2312. All of 
these fluid motions are typically caused by negative pressure 
introduced at a distal end of the droplet outlet channel. The 
generated emulsion may pass through the outlet channel and 
into a storage chamber, a transport chamber, or directly to a 
thermocycling instrument. In summary, when the droplet out­
let portion and the sample-containing portion of droplet gen­
erator 2300 are assembled together, a substantially fluid tight 
seal is formed between the droplet outlet portion and the 
sample-containing portion, and droplets emitted by the fluid 
outlet aperture intersect oil traveling in the oil channel to 
produce an emulsion of water-in-oil droplets that passes into 
the emulsion outlet channel. 
[0648] When oil channel 2314 takes the form ofan elongate 
groove, the oil and sample-containing fluid intersect and pro­
duce droplets with the various fluid velocities forming a cross 
shape, as described previously. If oil channel 2314 takes the 
form of an extended planar channel or reservoir, the oil within 
the channel may approach droplet outlet channel 2312 radi­
ally from many different directions, each of which is substan­
tially perpendicular to both the sample fluid channel and the 
droplet outlet channel. Accordingly, such a configuration still 
may be thought of as a cross-type droplet generator. 
[0649] Sample-containing portion 2302 of droplet genera­
tor 2300 may be disposable, as mentioned previously. Thus, 
after an emulsion is created and transported to a desired 
location, sample-containing portion 2302 may be removed 
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from aperture 2320 and discarded. Another sample-contain­
ing portion then may be placed into aperture 2320 and used to 
create another emulsion, using either the same or a different 
sample/reagent mixture. The internal surfaces of droplet out­
let portion 2304, including the walls of outlet channel 2312 
and channel walls 2316, 2318, all may be coated with a 
hydrophobic coating and/or washed with one or more rinse 
solutions, to reduce the possibility of cross contamination 
from one sample/reagent solution to another. 

D. Example4 

[0650] FIGS. 61-63 depict exemplary droplet generation 
systems generally configured to generate an emulsion of rela­
tively less dense fluid droplets in a background of relatively 
more dense fluid. 
[0651] FIG. 61 depicts a first such droplet generation sys­
tem, generally indicated at 2340, including both a droplet 
generator 2342 and a fluid reservoir 2344. Droplet generator 
2342 includes a substantially cylindrical emulsion chamber 
2346 and an elongate tip 2348, although other emulsion 
chamber and tip shapes are possible. The tip of the droplet 
generator is configured to be at least partially inserted into the 
fluid reservoir. Droplet generator 2342 also includes an inter­
face portion 2350, which is configured to join emulsion 
chamber 2346 to a body portion of the droplet generator (not 
shown). The body portion of the droplet generator may, for 
example, be configured to be grasped by a user, and may 
include a pressure mechanism such as a pipettor bulb, a 
syringe plunger or the like, to effect pressure changes within 
the droplet generator. 
[0652] Tip 2348 of the droplet generator is depicted as 
cylindrical, i.e., as having a circular cross-section, but the 
cross-section of the tip (and of the emulsion chamber) can 
take many other shapes, such as rectangular, square, or oval. 
The tip includes both a distal end aperture 2352 configured to 
receive a background fluid such as oil, and a side aperture 
2354 configured to receive a foreground fluid such as an 
aqueous sample/reagent mixture. In some cases, distal aper­
ture 2352 will be formed simply by leaving the distal end of 
tip 2348 open, and accordingly will have the same shape as a 
cross-section of the tip. However, the distal aperture may be 
given any desired shape to facilitate a desired flow rate of 
background fluid into the aperture. Side aperture 2354 may be 
formed in various shapes, such as circular, square, rectangu­
lar, star-shaped, oval, or triangular, among others. The shape 
of side aperture 2354 may be selected based on a desired flow 
rate and/or flow pattern of fluid passing through the side 
aperture. 
[0653] Fluid reservoir 2344 is depicted substantially as a 
parabaloid, but virtually any three dimensional container that 
is closed at one end and open at another may form a suitable 
reservoir. The fluid reservoir may, for example, be one of 
many reservoirs disposed in an array on a chip or a micro­
plate, or it may be a single freestanding reservoir such as an 
individual well, a test tube, a pipette body, or a spin column 
chamber, among others. Regardless of its precise shape, res­
ervoir 2344 is configured to hold both a background emulsion 
fluid and a foreground emulsion fluid, which will be used in 
conjunction with droplet generator 2342 to form an emulsion 
of sample-containing droplets as described below. 
[0654] FIG. 62 shows a magnified view of a portion of the 
droplet generation system of FIG. 61, illustrating how an 
emulsion of sample-containing droplets can be generated by 
the system. As shown, reservoir 2344 is configured to hold 
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both a background emulsion fluid 2356 (such as oil) and a 
foreground emulsion fluid 2358 (such as an aqueous sample/ 
reagent mixture). In system 2340, background fluid 2356 has 
a different and greater density than foreground fluid 2358, and 
thus is disposed at the bottom portion of reservoir 2344, with 
the foreground fluid disposed in a layer above the background 
fluid. Accordingly, distal aperture 2352 of droplet generator 
2342 is in contact with the background fluid, whereas, side 
aperture 2354 of droplet generator 2342 is in contact with the 
foreground fluid. In other words, the distal aperture is con­
figured to be in contact with background fluid held by the 
reservoir and the side aperture is configured to be in contact 
with foreground fluid held by the reservoir when the reservoir 
contains background and foreground fluids and the elongate 
tip is inserted into the reservoir. 

[0655] To generate an emulsion of foreground-in-back­
ground fluid droplets, a negative or upward pressure is 
applied to an interior fluid channel 2360 of droplet generator 
2342. This pressure may be applied by any suitable mecha­
nism such as a manual or motor-driven plunger, a bulb, or a 
pump, among others. In any case, the applied pressure causes 
background fluid 2356 to flow into distal aperture 2352 of 
droplet generator 2342, and also causes foreground fluid to 
flow into side aperture 2354 of droplet generator 2342. 
Accordingly, foreground fluid flowing into the side aperture 
intersects with a stream of background fluid that enters the tip 
through the distal aperture, to form an emulsion of foreground 
fluid droplets 2362 in background fluid in the vicinity of the 
side aperture. An emulsion of droplets 2362 in background 
fluid then proceeds up channel 2360, where it is received in 
emulsion chamber 2346. The emulsion then may be stored 
and/or transported to another location such as to a thermocy­
cling instrument for DNA amplification, as described previ­
ously. Because the directions of the incoming background 
fluid velocity, the incoming foreground fluid velocity, and the 
outgoing emulsion velocity form the shape of a "T," the 
system shown in FIGS. 61-62 may be described as a "single 
T" droplet generator configuration. 

[0656] FIG. 63 shows a magnified end portion of another 
droplet generation system, generally indicated at 2380, which 
is similar to system 2340 of FIGS. 61 and 62. Specifically, 
system 2380 includes a droplet generator 2382 and a fluid 
reservoir 2384 having all the same features as the correspond­
ing parts of system 2340, except that tip 2385 of droplet 
generator 2382 includes a distal end aperture 2386 and two 
distinct side apertures 2388, 2390, all of which provide fluid 
access to a fluid channel 2392 within the tip of the droplet 
generator. Accordingly, when upward pressure is applied to 
fluid channel 2392, a background fluid 2394 flows into distal 
aperture 2386, and a foreground fluid 2396 flows into both 
side apertures 2388, 2390. This may result in a greater num­
ber and/or a different distribution of droplets being produced 
in an emulsion, relative to systems with just a single side 
aperture. 

[0657] Because of the directions of the various fluid veloci­
ties in the vicinity of side apertures 2388, 2390, system 2380 
may be characterized as a "double T" droplet generator con­
figuration. This configuration may be generalized in various 
ways. For example, a pair of side apertures may be disposed 
at the same longitudinal position along the tip of a droplet 
generator, rather than longitudinally offset as depicted in FIG. 
63. Furthermore, any desired number of side apertures, such 
as three or more, may be disposed along the length of a droplet 
generator, some of which may be longitudinally aligned 
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while others are longitudinally offset. Because the fluid 
velocities form a "T" at each side aperture, such generalized 
configurations naturally may be characterized as "multi-T" 
droplet generation systems. The number, location, size and 
shape of the various side apertures in a multi-T system typi­
cally will be selected based on the desired properties of the 
resulting emulsion. 

E. Example 5 

[0658] FIGS. 64-66 depict droplet generation systems gen­
erally configured to generate an emulsion of relatively more 
dense fluid droplets in a background of relatively less dense 
fluid. In contrast, FIGS. 61-63, in the previous example, 
depicted droplet generation systems generally configured to 
generate an emulsion of relatively less dense fluid droplets in 
a background of relatively more dense fluid. 
[0659] FIG. 64 depicts a magnified end portion of a first 
such droplet generation system, generally indicated at 2400. 
System 2400 includes a droplet generator 2402 and a fluid 
reservoir 2404. Fluidreservoir2404 is substantially similarto 
reservoir 2344 depicted in FIGS. 61-62, including all of the 
possible variations in its structure and shape, and accordingly 
will not be described again in detail. A foreground fluid 2406 
of relatively high density is disposed at the bottom of reser­
voir 2404, and a background fluid 2408 of relatively low 
density is disposed above the foreground fluid within the 
reservmr. 
[0660] Droplet generator 2402 includes a tip 2410, the inte­
rior of which forms a fluid channel 2412, a distal aperture 
2414, and a side aperture 2416. 
[0661] However, tip 2410 of droplet generator 2402 
includes a nonlinearu-shaped distal portion 2418, configured 
so that distal aperture 2414 is disposed above side aperture 
2416 relative to the bottom of reservoir 2404. Accordingly, 
when upward pressure is applied to fluid channel 2412, the 
upper fluid in reservoir 2404, which is background fluid 2408, 
is drawn into fluid channel 2412 through distal aperture 2414. 
At the same time, the lower fluid in reservoir 2404, which is 
foreground fluid 2406, is drawn into fluid channel 2412 
through side aperture 2416. Just as described previously, the 
intersection of the foreground and background fluids in the 
vicinity of the side aperture results in generation of an emul­
sion of foreground fluid droplets 2418 in the background 
fluid, and the generated emulsion proceeds upward through 
channel 2412 for storage and/or transport. 
[0662] It should be apparent from the configuration shown 
in FIG. 64 that droplet generator 2402 may be characterized 
as a "single T" generator, based on the directions of the 
various incoming and outgoing fluid velocities. Other con­
figurations, such as a "double T" configuration or a "multi-T" 
configuration, may be used in conjunction with a droplet 
generator having au-shaped or similarly shaped tip. By alter­
ing the number of side apertures, their positions, their sizes, 
and their shapes, the resulting emulsion may be given essen­
tially any desired characteristics. 
[0663] FIG. 65 depicts another droplet generation system, 
generally indicated at 2420, which is configured to generate 
an emulsion of relatively more dense droplets in a back­
ground of relatively less dense fluid. System 2420 includes a 
droplet generator 2422 and a fluid reservoir 2424. Droplet 
generator 2422 is a syringe having a body 2426 that serves as 
a variable-volume emulsion reservoir, and an elongate sharp 
tip 2428 that defines a fluid channel 2430. The syringe 
includes a movable plunger 2431, which is configured to slide 
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up and down to create pressure differences within the syringe 
and to vary the volume of the emulsion reservoir. They 
syringe also will include a plunger control mechanism (not 
shown), such as a handle or plunger head configured to allow 
a user to move the plunger longitudinally within the body of 
the syringe. 
[0664] Droplet generator 2422 includes a distal aperture 
2432 at the end of tip 2428, configured to receive or expel 
fluid in fluid channel 2430. Tip 2428 also includes a side 
aperture 2434, also configured to receive or expel fluid. When 
negative pressure is exerted (i.e., when a partial vacuum is 
created) within fluid channel 2430, fluid thus may be drawn 
into both distal aperture 2432 and side aperture 2434. When 
fluids of different densities are disposed in fluid reservoir 
2424 (as depicted in FIG. 65), different fluids may be drawn 
into the two different apertures, so that tip 2428 acts as a 
"single T' emulsion generator as described in detail above. 
Also as described previously, any desired number, size and/or 
shape of side apertures may be used to generate an emulsion 
having desired properties. 
[0665] Fluid reservoir 2424 is depicted in FIG. 65 as a 
substantially cylindrical chamber having a removable 
threaded top 2436, which includes a penetrable membrane 
such as a layered septum 2438. Thus, once a desired amount 
of emulsion has been produced and drawn into body 2426, 
droplet generator 2422 may be withdrawn from the fluid 
reservoir to transport the emulsion to another location such as 
a thermocycling instrument. The fluid reservoir is configured 
to contain the fluid ingredients of a desired emulsion without 
significant leakage, while allowing droplet generator 2422 to 
penetrate the reservoir and establish fluid contact with the 
fluids in the reservoir. Any alternative reservoir having these 
features may be used with droplet generator 2422, such as 
reservoirs of various shapes and sizes, and reservoirs having 
various alternative types of penetrable membranes. 
[0666] Droplet generator 2422 is disposed below fluid res­
ervoir 2424 in FIG. 65. Accordingly, a relatively high density 
sample-containing fluid 2440 will be disposed in the vicinity 
of side aperture 2434 of the droplet generator, whereas a 
relatively low-density background fluid 2442 (such as oil) 
will be disposed in the vicinity of distal aperture 2432 of the 
droplet generator. This results in an emulsion of sample­
containing droplets in an oil background. Of course, system 
2420 could be turned 180 degrees (i.e., flipped upside down 
relative to FIG. 65), in which case it would be configured to 
produce an emulsion of sample-containing droplets in an oil 
background when the sample-containing fluid is less dense 
than the background fluid. 
[0667] FIG. 66 depicts a lower portion of yet another drop­
let generation system, generally indicated at 2450, which is 
configured to produce an emulsion ofrelatively higher den­
sity droplets in a background of relatively lower density fluid. 
System 2450 includes a butted tube type droplet generator 
2452, and a fluid reservoir 2454. Fluid reservoir 2454 is 
substantially similar to the fluid reservoirs depicted in FIGS. 
61-64 and described above, and accordingly will not be 
described further. Droplet generator 2452 includes a tube 
2456 having a distal aperture 2458 and a pair of opposing side 
apertures 2460, 2462. When a partial vacuum is created 
within tube 2456 from above, higher density sample-contain­
ing fluid 2464 is drawn into distal aperture 2458 and lower 
density background fluid 2466 is drawn into side apertures 
2460, 2462. The fluids intersect in the vicinity of the side 
apertures to produce droplets 2468 of sample-containing fluid 

BIO-RAD EX.1026.110



US 2010/0173394 Al 

that travel upward through tube 2456 in an emulsion. Due to 
the directions of fluid velocity near the side apertures, droplet 
generator 2452 may be characterized as a cross-type droplet 
generator. 

F. Example 6 

[0668] FIG. 67 depicts a lower portion of another cross­
type droplet generation system, generally indicated at 2480. 
Droplet generation system 2480 includes an emulsion gen­
erator 2482, and an emulsion reservoir 2484 configured to 
receive the emulsion generated by the emulsion generator. As 
its name suggests, emulsion generator 2482 is configured to 
generate an emulsion of sample-containing droplets, typi­
cally in the form of aqueous droplets in an oil background. 
Emulsion reservoir 2484 is depicted in FIG. 67 contain and/or 
transport an emulsion to a desired location. 
[0669] Emulsion generator 2482 includes an inner fluid 
chamber 2486 configured to contain a sample-containing 
fluid 2488, and an outer fluid chamber 2490 surrounding 
portions of the inner fluid chamber and configured to contain 
a background fluid 2492, typically an oil. The depicted lower 
portions of inner fluid chamber 2486 and outer fluid chamber 
2490 are substantially cylindrical and concentric, but other 
geometries may be chosen. Inner fluid chamber 2486 includes 
a distal aperture 2494, configured to allow passage of sample­
containing fluid 2488 out of the inner fluid chamber at a 
desired rate. Outer fluid chamber 2490 includes a distal aper­
ture 2496, configured to allow passage of an emulsion out of 
the outer fluid chamber at a desired rate. Accordingly, distal 
apertures 2494, 2496 may have any suitable size and/or shape 
resulting in desirable flow characteristics through the aper­
tures. 
[0670] Background fluid channels 2498, 2500 are formed 
between the lower external boundary of the inner fluid cham­
ber and the lower internal boundary of the outer fluid cham­
ber, and configured to transfer background fluid 2492 radially 
inward toward distal aperture 2496 of the outer fluid chamber. 
In some cases, the lower boundary of inner fluid chamber 
2486 may rest directly upon the lower inside surface of outer 
fluid chamber 2490, except for a pair of grooves forming 
discrete fluid channels 2498, 2500. In other cases, inner fluid 
chamber 2486 and outer fluid chamber 2490 may be held out 
of direct contact with each other by some spacing mechanism 
(not shown). In this case, background fluid channels 2498, 
2500 will be portions of a single circular background fluid 
channel through which background fluid can move radially 
inward toward aperture 2496. 
[0671] System 2480 may be operated by applying positive 
pressure from above chambers 2486, 2490, to push sample­
containing fluid 2488 and background fluid 2492 toward their 
respective apertures. The inner and outer fluid chambers are 
positioned so that oil flowing radially inward through the 
background fluid channels will intersect with sample-con­
taining fluid passing out of the inner fluid chamber through 
distal aperture 2494 of the inner fluid chamber, to generate an 
emulsion of sample-containing droplets within the back­
ground fluid which will pass through distal aperture 2496 of 
the outer fluid chamber and into emulsion reservoir 2484, 
where it may be stored or transported as desired. Emulsion 
reservoir 2484 may at least partially surround the emulsion 
generator or be otherwise configured to receive the emulsion 
generated by the emulsion generator. Typically, emulsion 
generator 2492 is removable from emulsion reservoir 2484, 
and would likely be removed after the emulsion has been 
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generated. The emulsion generator then may be disposed of 
or cleaned in preparation for the introduction of a new sample. 
Alternatively, inner chamber 2486 may be removable from 
outer chamber 2490 and disposable, while outer chamber 
2490 may be reusable. 

[0672] Aside from applying positive pressure to the fluids 
within chambers 2486 and 2490, an emulsion may be formed 
similarly by applying negative pressure to pull the fluids 
through apertures 2494 and 2496, for example, by creating a 
partial vacuum in the emulsion reservoir. In the case of either 
positive or negative pressure, the pressure may be created 
through any suitable mechanism such as a pump, a bulb, or a 
plunger. Furthermore, system 2480 may be placed in a cen­
trifuge and spun, to create an emulsion based on the inertia of 
the constituent fluids. This technique may sometimes be 
referred to as causing fluid motions through "centrifugal 
force." When a centrifuge is used in this manner, system 2480 
may be characterized as a "spin colunm" droplet generator or 
emulsion generator. 
[0673] FIG. 68 depicts portions of another emulsion gen­
eration system, generally indicated at 2520. System 2520 is 
similar in many respects to system 2480 of FIG. 67, and 
further illustrates the potentially removable and/or disposable 
nature of various parts of the system. System 2520 includes an 
emulsion generator 2522 and an emulsion reservoir 2524. 
Emulsion generator 2522 includes an inner fluid chamber 
2525 configured to contain a sample-containing fluid 2526, 
and an outer fluid chamber 2528 configured to contain a 
background fluid 2530. Inner fluid chamber 2525 and outer 
fluid chamber 2528 are substantially cylindrical and concen­
tric. A distal aperture 2532 of the inner fluid chamber is 
configured to allow passage of sample-containing fluid out of 
the inner fluid chamber, and a distal aperture 2534 of the outer 
fluid chamber is configured to allow passage of an emulsion 
out of the outer fluid chamber. 

[0674] Fluid channels 2536, 2538 are formed between the 
lower boundary of the inner fluid chamber and the lower 
inside surface of the outer fluid chamber, and configured to 
transfer background fluid inward toward distal aperture 2534. 
An emulsion 2540 of sample-containing droplets 2542 is 
formed either by applying positive pressure push sample­
containing fluid and background fluid toward their respective 
apertures, or by applying negative pressure to accomplish the 
same motions. Pressure may be created by any suitable 
mechanism such as a pump, bulb, plunger, or centrifuge, as 
described previously with respect to FIG. 67. The generated 
emulsion passes through aperture 2534 into emulsion reser­
voir 2524, for storage or transport to a thermocycling instru­
ment. 

[0675] Emulsion generator 2522 is a self-contained com­
ponent that may be inserted and removed from emulsion 
reservoir 2524 as desired. A supporting lip 2544 of the emul­
sion generator is configured to overlap side wall 2546 of the 
emulsion chamber, to support the emulsion generator in a 
desired position with respect to the emulsion chamber. The 
emulsion generator includes a lid 2548 that may be rotated 
away from the emulsion generator to allow the addition of 
fluids and/or pressure, and rotated to cover the emulsion 
generator to form a fluid tight seal. This may allow convenient 
transport of the emulsion generator, and also may allow the 
use of a centrifuge without undesirable leaking. Similarly, the 
emulsion reservoir includes a lid 2550 that may be used to 
selectively form a fluid tight seal at the top of the emulsion 
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reservoir. This may allow convenient transport, storage or 
further processing of an emulsion with substantially no loss 
of fluid from the reservoir. 

G. Example7 

[0676] FIG. 69 illustrates the relationship between various 
cross-type droplet generators. More specifically, FIG. 69 
shows a first cross-type droplet generator 2560 including a 
single cross, a second cross-type droplet generator 2580 
including two crosses, a third cross-type droplet generator 
2600 including three crosses, and a butted tube cross-type 
droplet generator 2620. 
[0677] Droplet generator 2560 includes hollow channels 
2562, 2564 that intersect at an intersection region 2566. To 
generate droplets, one of these channels will generally carry 
a foreground fluid toward intersection region 2566 from one 
direction, while the other channel carries a background fluid 
toward intersection region 2566 from both directions. Typi­
cally, channel 2562 will carry a foreground fluid such as a 
sample-containing solution, and channel 2564 will carry a 
background fluid such as oil, but the opposite is also possible. 
In any case, an emulsion will be created at intersection region 
2566 and will continue moving through channel 2562 in the 
direction of travel of the foreground fluid, as described in 
detail above. 
[0678] Droplet generator 2580 includes three hollow chan­
nels 2582, 2584, 2586 that intersect at an intersection region 
2588. To generate droplets, channel 2582 will typically carry 
a foreground fluid such as a sample-containing solution 
toward intersection region 2588 from a single direction, and 
each of channels 2584, 2586 will typically carry a back­
ground fluid such as oil toward intersection region 2588 from 
two opposite directions. In that case, an emulsion will be 
created at intersection region 2588 and will continue moving 
through channel 2582 in the direction of travel of the fore­
ground fluid. It is also possible that each of channels 2584, 
2586 would carry a foreground fluid toward intersection 
region 2588 from a single direction, and channel 2582 would 
carry a background fluid toward intersection region 2588 
from two opposite directions. In that case, the emulsion cre­
ated at intersection region 2588 would travel through both 
channels 2584 and 2586, in the original directions of travel of 
the foreground fluid in each of those channels. Droplet gen­
erator 2580 thus may function to produce droplets that 
emerge from two separate channels. 

[0679] Similarly, droplet generator 2600 includes four 
channels 2602, 2604, 2606, 2608 that intersect to generate an 
emulsion of foreground fluid droplets in background fluid at 
an intersection region 2610. By analogy to the three-channel 
configuration of droplet generator 2580, the four-channel 
configuration of droplet generator 2600 may be used either to 
generate a single emulsion that travels through channel 2602, 
orto generate multiple emulsions that travel through channels 
2604, 2606, and 2608. 
[0680] Droplet generator 2620 is a butted tube generator 
that includes a first section of hollow tube 2622 and a second 
section of hollow tube 2624. Tube section 2622 includes a 
fluid channel 2626, and tube section 2624 includes a fluid 
channel 2628. The tube sections are separated by a small 
distance, forming an intersection region 2630 between the 
tubes. Accordingly, if a foreground fluid flows toward inter­
section region 2630 through channel 2626, and a background 
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fluid flows radially inward toward intersection region 2630 
from the region outside the tubes, an emulsion can be created 
and flow into channel 2628. 
[0681] The progression from droplet generator 2560 
through droplet generator 2620 illustrates the relationship 
between these various droplet generators. Specifically, if the 
variable n is chosen to represent the number of radial fluid 
channels that intersect a longitudinal fluid channel at an inter­
section region within a tube, then droplet generator 2560 may 
be characterized as an "n=l" cross-type droplet generator, 
droplet generator 2580 may be characterized as an "n=2" 
cross-type droplet generator, droplet generator 2600 may be 
characterized as an "n=3" cross-type droplet generator, and 
droplet generator 2620 may be characterized as an "n=oo" 
cross-type droplet generator, because the gap between tubes 
2622 and 2624 may be viewed as formed from an infinite 
number of radial fluid channels extending continuously 
around the circumference of a single elongate tube. 

H. Example 8 

[0682] FIGS. 70 and 71 depict additional cross-type droplet 
generation systems, which are similar to droplet generation 
system 2480 of Example 6, but which are configured to gen­
erate droplets of two or more substantially different sizes. 
[0683] FIG. 70 shows a lower portion of a first such cross­
type droplet generation system, generally indicated at 2640, 
which is configured to generate droplets of two substantially 
different sizes. Accordingly, droplet generation system 2640 
includes an emulsion generator 2642, and an emulsion reser­
voir 2644 configured to receive the emulsion generated by the 
emulsion generator. Emulsion reservoir 2644 may be any 
reservoir configured to receive, contain and/or transport an 
emulsion to a desired location, such as a well, a pipette tip, a 
spin colunm or vial, or a syringe body. 
[0684] Emulsion generator 2642 is configured to generate 
an emulsion of sample-containing droplets of two different 
sizes. Specifically, emulsion generator 2642 includes first and 
second inner fluid chambers 2646, 2648 each configured to 
contain a sample-containing fluid 2650, and an outer fluid 
chamber 2652 surrounding portions of the inner fluid cham­
bers and configured to contain a background fluid 2654, such 
as an oil. Alternatively, inner fluid chambers 2646, 2648 each 
may contain a different fluid, in which case the generated 
droplets will have different constituents as well as different 
sizes. 
[0685] Regardless of their contents, inner fluid chambers 
2646, 2648 respectively include distal apertures 2656, 2658, 
configured to allow passage of sample-containing fluid out of 
each inner fluid chamber. Outer fluid chamber 2652 includes 
distal apertures 2660, 2662, each aligned with one of aper­
tures 2656, 2658. Each pair of aligned apertures is configured 
to allow passage of droplets of a particular size, as FIG. 70 
indicates. Emulsion 2664 created via the aligned apertures of 
system 2640 is otherwise produced in the same way emulsion 
2520 is produced in droplet generation system 2480 of FIG. 
67, and the details will not be repeated here. 
[0686] FIG. 71 shows a droplet generation system 2670 
much like droplet generation system 2640 of FIG. 70, except 
that system 2670 is configured to generate droplets across a 
range of many different sizes. Accordingly, droplet genera­
tion system 2670 includes an emulsion generator 2672, and 
an emulsion reservoir 2674 configured to receive the emul­
sion generated by the emulsion generator. As in many of the 
previously described embodiments, emulsion reservoir 2674 
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may be any reservoir configured to receive, contain and/or 
transport an emulsion to a desired location, such as a well, a 
pipette tip, a spin colunm or vial, or a syringe body. 
[0687] Emulsion generator 2672 is configured to generate 
an emulsion of sample-containing droplets of a plurality dif­
ferent sizes. Emulsion generator 2672 thus includes an inner 
fluid chamber 2676 configured to contain a sample-contain­
ing fluid 2678, and an outer fluid chamber 2679 surrounding 
portions of the inner fluid chamber and configured to contain 
a background fluid 2680. Although FIG. 71 depicts only a 
single inner chamber 2676, two or more separate inner cham­
bers could alternatively be used, as in FIG. 70. 
[0688] Inner fluid chamber 2676 includes a plurality of 
distal apertures 2682, 2684, 2686, 2688, each configured to 
allow passage of sample-containing fluid out of the inner fluid 
chamber at a particular rate. Outer fluid chamber 2678 
includes distal apertures 2690, 2692, 2694, 2696, each 
aligned with one of the apertures of the inner chamber to 
allow passage of an emulsion including droplets of a particu­
lar size. Thus, droplet generation system 2670 is configured to 
generate an emulsion 2698 that includes droplets of a wide 
range of sizes. In a similar manner, a droplet generation 
system may be configured to produce an emulsion having any 
desired characteristic droplet size distribution. 

I. Example 9 

[0689] This example describes further aspects of exem­
plary droplet generators. The droplet generation systems 
described above generally involve multiple separate compo­
nents, such as a droplet generator and a complementary res­
ervoir. However, a droplet generation system according to the 
present disclosure also may take the form of an injection 
molded cartridge, with or without sample preparation capa­
bilities. Such a cartridge would generally include chambers or 
protrusions acting as the barrels of syringes, wells, or reser­
voirs to contain the sample and oil for combination into an 
emulsion of sample-containing droplets. These chambers 
will require sturdy walls that can withstand the side forces 
expected during pumping, insertion of the disposable portion 
into a non-disposable portion of the system, and shipping/ 
handling. Therefore, the walls of the chambers are envisioned 
to be approximately 0.020 inch thick but could range in thick­
ness from 0.04 to 0.40 inches. 
[0690] A disposable cartridge-style droplet generator also 
would generally include very precise microchannels to con­
tain and direct the flow of sample-containing solution and oil. 
These channels could be, for example, approximately 250 
microns wide and 250 microns deep, although these dimen­
sions each could range from approximately 50 microns to 
approximately 350 microns. Furthermore, some areas of the 
droplet generator (specifically, those contacting a sample) 
must be biocompatible, whereas others areas of the dispos­
able need not meet this requirement. 
[0691] Integrating droplet generation into a single assem­
bly such as a disposable cartridge may have certain efficiency 
advantages over a multi-component droplet generation sys­
tem. Specifically, if droplet generation involves the use of two 
or more subassemblies manufactured separately, there will 
typically be more potential for (a) leakage at the connections 
between the subassemblies, (b) increased unswept volumes in 
those connections, ( c) more volume in the lines connection, 
( d) greater complexity in the fluid circuit, and ( e) increase 
fabrication/assembly costs. On the other hand, integrating 
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these diverse requirements into a single assembly results in 
potential savings in all the areas listed. 

[0692] A molded droplet generator cartridge also may have 
various other advantageous features. For example, moldable 
plastic typically has minimal or no absorption of material 
such as protein, DNA, RNA, lipids, or other constituents of 
biological samples expected to be tested. Furthermore, it is 
possible to mold protrusions able to withstand side forces on 
one side of a part and microfluidic channels on the opposite 
side, as part of a single molding step. A plate, thin sheet, or foil 
of the same or similar material is then bonded to the side of the 
part with microfluidic channels, resulting in tube-like chan­
nels connecting various areas of the assembly. Holes through 
the part connect the barrel type features to the channels. This 
means that all alignments between these features can be inex­
pensively manufactured, since they are molded into one struc­
ture. 
[0693] The anticipated average operating pressures within 
a disposable droplet generating cartridge are 2 to 5 psi. By 
keeping the fluid pressures relatively low, a single molded 
cartridge can meet the diverse functions listed elsewhere in 
this disclosure. Maintaining lower internal operating pres­
sures rather than higher pressures also means that the car­
tridge can have (a) thinner wall sections (i.e., less need for 
strong structures to withstand breakage), (b) less bulging of 
the walls (i.e., more uniformity in controlling fluid flows with 
pressure variations), and ( c) thinner plates bonded to the 
microchannel side of the cartridge. These factors result in 
decreased production assembly times and deceased product 
cost. 

[0694] Depending on whether a disposable cartridge-type 
droplet generator is used to generate water-in-oil emulsions 
or multiple emulsions, it may be desirable for the fluid con­
tacting surfaces of the droplet generator to be either hydro­
phobic or hydrophilic. Either of these alternatives may be 
accomplished by choosing an appropriate material that is 
compatible with the molding process, and/or by applying a 
coating to alter surface properties of the chosen material. 

J. Example 10 

[0695] This example describes additional aspects of droplet 
generation, in accordance with aspects of the present disclo­
sure, presented without limitation as a series of numbered 
sentences. 

[0696] 1. A droplet generator system, comprising (A) a 
droplet outlet portion including an emulsion outlet channel 
and upper and lower channel walls defining an oil channel; 
and (B) a sample-containing portion configured to be selec­
tively assembled with the droplet outlet portion and including 
(i) a sample reservoir; and (ii) a fluid outlet aperture config­
ured to emit droplets of sample-containing fluid from the 
sample reservoir; wherein when the droplet outlet portion and 
the sample-containing portion are assembled together, 
wherein a substantially fluid tight seal is formed between the 
droplet outlet portion and the sample-containing portion; and 
wherein droplets emitted by the fluid outlet aperture intersect 
oil traveling in the oil channel to produce an emulsion of 
water-in-oil droplets that passes into the emulsion outlet 
channel. 
[0697] 2. The system of claim 1, wherein the sample-con­
taining portion is configured to be a single-use, disposable 
component of the system. 
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[0698] 3. The system of claim 2, wherein the sample-con­
taining portion is constructed of injection-molded thermo­
plastic. 
[0699] 4. A droplet generation system, comprising (A) a 
fluid reservoir configured to hold a background emulsion 
fluid having a first density and a foreground emulsion fluid 
having a second density; and (B) a droplet generator includ­
ing an elongate tip configured to be at least partially inserted 
into the fluid reservoir and having at least one side aperture 
and a distal aperture; wherein the distal aperture is configured 
to be in contact with background fluid held by the reservoir 
and the side aperture is configured to be in contact with 
foreground fluid held by the reservoir when the reservoir 
contains background and foreground fluids and the elongate 
tip is inserted into the reservoir; and wherein the droplet 
generator is configured so that foreground fluid flowing into 
the side aperture intersects with a stream of background fluid 
that enters the tip through the distal aperture, to form an 
emulsion of foreground fluid droplets in background fluid. 
[0700] 5. The droplet generation system of paragraph 4, 
wherein the droplet generator further includes an emulsion 
chamber configured to receive the emulsion. 
[0701] 6. The droplet generation system of paragraph 4, 
wherein the at least one side aperture includes a plurality of 
side apertures. 
[0702] 7. The droplet generation system of paragraph 4, 
wherein the elongate tip includes au-shaped distal portion. 
[0703] 8. A droplet generation system, comprising (A) an 
emulsion generator including (i) an inner fluid chamber con­
figured to contain a sample-containing fluid and having a 
distal aperture configured to allow passage of the sample­
containing fluid out of the inner fluid chamber; and (ii) an 
outer fluid chamber configured to contain a background fluid, 
the outer fluid chamber surrounding at least portions of the 
inner fluid chamber and having a distal aperture configured to 
allow passage of an emulsion out of the outer fluid chamber; 
wherein background fluid channels are formed between an 
external boundary of the inner fluid chamber and an internal 
boundary of the outer fluid chamber, and configured to trans­
fer background fluid radially inward toward the distal aper­
ture of the outer fluid chamber; and wherein the inner and 
outer fluid chambers are positioned so that oil flowing radially 
inward through the background fluid channels will intersect 
with sample-containing fluid passing out of the inner fluid 
chamber through the distal aperture of the inner fluid cham­
ber, to generate an emulsion of sample-containing droplets 
within the background fluid which will pass through the distal 
aperture of the outer fluid chamber; and (B) an emulsion 
reservoir at least partially surrounding the emulsion generator 
and configured to receive the emulsion generated by the 
emulsion generator. 

V. Continuous Flow Thermocycler 

[0704] This Section describes exemplary thermocyclers, 
for example, for use in droplet-based assays. 
[0705] It may be desirable, in systems such as DNA ampli­
fication systems, to perform temperature-dependent reactions 
for increasing the number of copies of a sample, or compo­
nent(s) thereof. Methods of cyclically varying the tempera­
ture of a fluid or other material generally may be termed 
methods of "thermocycling," and an apparatus used to 
accomplish such cyclical temperature variations generally 
may be termed a "thermocycler." In the case of DNA ampli­
fication through PCR, cyclical temperature changes cause 
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repeated denaturation (also sometimes termed DNA "melt­
ing"), primer annealing, and polymerase extension of the 
DNA undergoing amplification. Typically, twenty or more 
cycles are performed to obtain detectable amplification. In 
other processes, such as alternative enzymatic amplification 
processes, thermocycling may have other effects, and differ­
ent temperature ranges and/or different numbers of tempera­
ture changes may be appropriate. 
[0706] FIG. 72 is a flowchart depicting a method, generally 
indicated at 3100, ofthermocycling a sample/reagent emul­
sion or other fluid mixture to promote PCR. Typically, three 
separate temperatures or temperature ranges are provided to 
the fluid to accomplish thermocycling for PCR. Other num­
bers of temperature ranges, such as one, two, four, or more, 
may be provided for different processes. In the case of PCR, 
providing a first, relatively higher temperature to the fluid, as 
indicated at step 3102, causes the target DNA to become 
denatured. This denaturing temperature is typically in the 
range of 92-98° C. Providing a second, relatively lower tem­
perature to the fluid, as indicated at step 3104, allows anneal­
ing of DNA primers to the single-stranded DNA templates 
that result from denaturing the original double-stranded 
DNA. This primer annealing temperature is typically in the 
range of 50-65° C. Finally, providing a third, middle tempera­
ture to the fluid, as indicated at step 3106, allows a DNA 
polymerase to synthesize a new, complementary DNA strand 
starting from the annealed primer. This polymerase extension 
temperature is typically in the range of70-80° C., to achieve 
optimum polymerase activity, and depends on the type of 
DNA polymerase used. 
[0707] In some cases, a single temperature may be provided 
for both primer annealing and polymerase extension (i.e., 
steps 3104 and 3106 above), although providing a single 
temperature for these processes may not optimize the activity 
of the primers and/or the polymerase, and thus may not opti­
mize the speed of the PCR reaction. When provided for both 
annealing and extension, this single temperature is typically 
in the range of55-75° C. 
[0708] A PCR thermocycler also may include, in addition 
to the two or three temperature zones described above, an 
integrated or complementary "hot start" mechanism config­
ured to provide a relatively high hot-start temperature, as 
indicated at step 3108. The hot-start temperature is provided 
to initiate PCR and/or to prepare a sample/reagent mixture for 
initiation of PCR upon the addition of a suitable polymerase. 
More specifically, providing a hot-start temperature may 
reverse the inhibition of a polymerase enzyme that has been 
added to inhibit priming events that might otherwise occur at 
room temperature. In this case, heating the sample/reagent 
mixture to a hot-start temperature initiates the onset of PCR. 
In other instances, providing a hot-start temperature may 
preheat the sample and the primers in the absence of the 
polymerase, in which case subsequent addition of the poly­
merase will initiate PCR. The hot start temperature is typi­
cally in the range of 95-98° C. 
[0709] The thermocycler also may include integrated or 
complementary mechanisms for allowing "final elongation" 
and/or "final hold" steps, afterthermocycling has (nominally) 
been completed. For example, in the former case, the ther­
mocycler may include a mechanism configured to maintain 
samples at the extension temperature long enough ( e.g., for 
5-15 minutes) to ensure that any remaining single-stranded 
nucleotide is fully extended. In continuous flow systems, this 
mechanism may include a relatively long piece of narrow 
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tubing to increase path length, and/or a relatively short piece 
of wider tubing to decrease flow rate, both maintained at an 
extension temperature. Alternatively, or in addition, the ther­
mocycler may include a mechanism for holding or storing 
samples ( e.g., for an indefinite time) at a temperature below 
the extension temperature (e.g., 4-15° C.). 
[0710] Various methods of providing the desired tempera­
tures or temperature ranges to a sample/reagent fluid mixture 
may be suitable for PCR. For example, a fluid may be dis­
posed within one or more stationary fluid sites, such as test 
tubes, microplate wells, PCR plate wells, or the like, which 
can be subjected to various temperatures provided in a cycli­
cal manner by an oven or some other suitable heater acting on 
the entire thermal chamber. However, such array-type PCR 
systems may be limited by the number of fluid sites that can 
practically be fluidically connected to the system and/or by 
the kinetics of changing temperatures in a large (high-ther­
mal-mass) system ( e.g., transition times between melt, 
anneal, and extension temperatures in commercial systems 
may be orders of magnitude longer than the fundamental 
limits of Taq polymerase processivity). Alternatively, fluid 
may be passed continuously or quasi-continuously through 
various temperature regions, in a cyclical manner. In this case, 
it is desirable to minimize heat transfer between the regions, 
to provide sharp temperature transitions between the regions. 
It is also desirable to monitor the temperature of each region 
continuously and to provide rapid feedback to maintain a 
relatively constant desired temperature in each region. 
[0711] One type of continuous-flow PCR system involves 
coiling or winding fluidic tubing to form a fluid channel in a 
helical shape around a thermocycler that is configured to 
provide the various desired temperatures or temperature 
regions. Furthermore, various alternatives to externally 
wrapped fluidic tubing may be used to provide a fluid channel 
configured to transport an emulsion of sample-containing 
droplets cyclically through various temperature regions. For 
example, tubing may be disposed within the body of ther­
mocycler, such as by casting the thermocycler ( or the inner 
segments of the thermocycler) around the tubing. Alterna­
tively, a fluid tight coating (such as a silicon coating) may be 
applied to external grooves or channels of the thermocycler 
and then wrapped with a fluid tight sheet (such as a silicon 
sheet), to define an integrated fluid channel passing cyclically 
around the thermocycler without the need for any separate 
tubing at all. 
[0712] Thus, providing the first, second, third and/or hot­
start temperatures at steps 3102, 3104, 3106, 3108 of method 
3100 may include transporting an emulsion in a substantially 
helical path cyclically through a denaturing temperature 
region, a primer annealing temperature region, a polymerase 
extension temperature region, and/or a hot-start temperature 
region of the thermocycler. These various temperature 
regions may be thermally insulated from each other in various 
ways, and each region may provide a desired temperature 
through the use of resistive heating elements, thermoelectric 
coolers (TECs) configured to transfer heat between a thermal 
core and the temperature regions, and/or by any other suitable 
mechanism. Various heat sinks and sources may be used to 
provide and/or remove heat from the thermocycler, either 
globally (i.e., in substantial thermal contact with two or more 
temperature regions) or locally (i.e., in substantial thermal 
contact with only one temperature region). 
[0713] The following examples describe specific exem­
plary methods and apparatus for cyclically heating and cool-
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ing a sample/reagent mixture to facilitate DNA amplification 
through PCR, i.e., exemplary thermocyclers and methods of 
thermocycling suitable for PCR applications. Additional per­
tinent disclosure may be found in the U.S. provisional patent 
applications listed above under Cross-References and incor-
porated herein by reference, particularly Ser. No. ___ , 
filed Sep. 21, 2009, titled CONTINUOUS FLOW THER­
MOCYCLER, and naming Kevin Dean Ness, Donald A. 
Masquelier, Billy W. Colston, Jr., and Benjamin J. Hindson as 
inventors. 

A. Selected Embodiments 1 

[0714] This Section describes a first exemplary thermocy­
cler 3200, in accordance with aspects of the present disclo­
sure; see FIGS. 73-80. 
[0715] FIG. 73 is an exploded isometric view of key com­
ponents ofthermocycler 3200. The thermocycler includes a 
core 3202 defining a central longitudinal axis, three inner 
segments 3204, 3206, 3208, and three outer segments 3210, 
3212, 3214. The three pairs of segments correspond to the 
three portions of the PCR thermal cycle described above, in 
connection with FIG. 72, and define the corresponding tem­
perature regions. Specifically, segments 3204 and 3210 cor­
respond to the melt phase, segments 3206 and 3212 corre­
spond to the anneal phase, and segments 3208 and 3214 
correspond to the extension ( extend) phase, respectively. In 
alternative embodiments, the thermocycler could include 
alternative numbers of segments, for example, two segments 
in a thermocycler in which the annealing and extension 
phases were combined. Collectively, portions or regions of 
the thermocycler involved in maintaining particular tempera­
tures ( or temperature ranges) may be termed "temperature 
regions" or "temperature-controlled zones," among other 
descriptions. 
[0716] FIG. 7 4 is an unexploded isometric view ofa central 
portion of the thermocycler of FIG. 73, emphasizing the 
relationship between the core and inner segments. Core 3202 
is configured as both a heat source and a heat sink, which can 
be maintained at a constant desired temperature regardless of 
whether it is called upon to supply or absorb heat. For 
example, in some embodiments, core 3202 may be main­
tained at approximately 70° Celsius. However, more gener­
ally, in embodiments in which the core acts as a heat source 
and a heat sink between two or more segments, the core may 
be maintained at any suitable temperature between the tem­
peratures of the warmest and coolest segments ( e.g., between 
the temperature of the melt segment and the annealing seg­
ment). 
[0717] Inner segments 3204, 3206, 3208 are attached to the 
core and configured to form an approximate cylinder when all 
of the inner segments are attached or assembled to the core. 
Inner segments 3204, 3206, 3208 are equipped with external 
grooves 3216 on their outer peripheral surfaces, as visible in 
FIGS. 73 and 74. When the inner segments are assembled to 
the core, these grooves form a helical pattern around the 
circumference of the cylindrical surface formed by the inner 
segments. Grooves 3216 are configured to receive fluidic 
tubing that can be wrapped continuously around the inner 
segments, as described below, to allow a fluid traveling within 
the tubing to travel helically around the circumference 
formed by the assembled inner segments. The fluidic tubing 
acts as a fluid channel to transport an emulsion of sample­
containing droplets cyclically through the various tempera­
ture regions of the thermocycling system. 
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[0718] Outer segments 3210, 3212, 3214 are configured to 
fit closely around the inner segments, as seen in FIG. 73. 
Thus, the fluidic tubing may be wound between the inner and 
outer segments and held in a stable, fixed, environmentally 
controlled position by the segments. 

[0719] FIG. 75 is an isometric magnified view of a portion 
of the assembled thermocycler. This embodiment is particu­
larly suitable for relatively small outer diameter fluidic tub­
ing. Portions of outer segments 3210, 3214 are disposed 
around inner segments 3204, 3208 and core 3202 (not vis­
ible). Fluidic tubing 3218 can be seen disposed in grooves 
3216, which are partially visible within an aperture 3220 
formed by the outer segments. Additional fastening apertures 
3222 are provided in the outer segments to facilitate attach­
ment of the outer segments to the inner segments. The tubing 
may pass from outside to inside thermocycler 3200 through 
an ingress region 3224. The tubing is then wrapped helically 
around the inner segments a minimum number of times, such 
as 20 or more times, after which the tubing may pass from 
inside to outside thermocycler 3200 through an egress region 
3226. Egress region 3226 is relatively wide, to allow the 
tubing to exit thermocycler 3200 after forming any desired 
number of coils around the inner segments. 

[0720] FIG. 76 is an isometric magnified view of a portion 
of an alternative embodiment of the assembled thermocycler. 
This embodiment, which shows a slight variation in the shape 
of the outer segments, is particularly suitable for relatively 
large outer diameter fluidic tubing. Specifically, FIG. 76 
shows outer segments 3210', 3214' disposed around inner 
segments 3204', 3208' and core 3202. Grooves 3216', which 
are relatively wider than grooves 3216 of FIG. 75, are par­
tially visible within an aperture 3220' formed by the outer 
segments. In FIG. 76, fluidic tubing may pass from outside to 
inside thermocycler 3200 and vice versa at any desired groove 
positions, simply by overlapping the edge of aperture 3220' 
with the tubing. Between the ingress and egress tubing posi­
tions, the tubing may be wrapped around the inner segments 
to make any desired number of helical coils around the inner 
segments. 

[0721] FIG. 77 is a top plan view of the assembled ther­
mocycler, without the outer segments attached. This view 
shows three thermoelectric coolers 

[0722] (TECs) 3228, 3230, 3232 disposed between core 
3202 and inner segments 3204, 3206, 3208. One of these, 
TEC 3228, can be seen in FIG. 73. Each TEC is configured to 
act as a heat pump, to maintain a desired temperature at its 
outer surface when a voltage is applied across the TEC. The 
TECs may be set to steady-state temperatures using a suitable 
controller, such as a proportional-integral-derivative (PID) 
controller, among others. The TECs operate according to 
well-known thermoelectric principles (in which, for example, 
current flow is coupled with heat transfer), such as the Peltier 
effect, the Seebeck effect, and/or the Thomson effect. The 
TECs may be configured to transfer heat in either direction 
(i.e., to or from a specific thermocycler element), with or 
against a temperature gradient, for example, by reversing 
current flow through the TEC. Thus, the TECs may be used to 
speed up or enhance heating of an element intended to be 
warm, speed up or enhance cooling of an element intended to 
be cool, and so on, to maintain each temperature region 
approximately at a different desired temperature. Suitable 
TECs include TECs available from RMT Ltd. of Moscow, 
Russia. 
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[0723] Each TEC, in turn, may be sandwiched between a 
pair of thermally conductive and mechanically compliant 
pads 3234, as seen in FIGS. 73 and 77. Pads 3234 may be 
configured to protect the TECs from damage due to surface 
irregularities on the outer surface of core 3202 and in the inner 
surfaces of inner segments 3204, 3206, 3208. Alternatively, 
or in addition, pads 3234 may be configured to minimize the 
possibility of potentially detrimental shear stresses on the 
TECs. Suitable pads include fiberglass-reinforced gap pads 
available from the Bergquist Company of Chanhassen, Minn. 

[0724] FIG. 78 is a schematic section diagram depicting the 
relative disposition of core 3202, TECs 3228, 3230, 3232, 
inner segments 3208, 3206, 3204, and tubing 3218. Here, the 
core, TECs, and inner segments are collectively configured to 
maintain the outer surfaces 3236, 3238, 3240, respectively, of 
the inner segments at any desired temperatures to facilitate 
PCR reactions in fluids passing through tubing disposed heli­
cally around the cylindrical perimeter of the assembled inner 
segments. FIG. 78 can be thought of as the top view shown in 
FIG. 77, cut along line C in FIG. 77 and shown "unrolled" into 
a representative linear configuration. FIG. 78 can be obtained 
from FIG. 77 by continuous deformation, making these fig­
ures topologically equivalent (homeomorphic), and meaning 
that FIG. 78 may simply be viewed as an alternate way of 
visualizing the arrangement of components shown in FIG. 77. 

[0725] TECs 3228, 3230, and 3232 are configured to main­
tain outer surfaces 3236, 3238, 3240, respectively, of the 
inner segments at various temperatures corresponding to the 
different stages of PCR, as depicted in FIG. 78. Because 
tubing 3218 is in thermal contact with outer surfaces 3236, 
3238, 3240, the temperature of any fluid in tubing 3218 also 
may be controlled via the TECs. Specifically, outer surface 
3236 is maintained at a temperature T melt suitable for melting 
( or denaturing) DNA, outer surface 3238 is maintained at a 
temperature Tanneal suitable for annealing primers to single­
stranded DNA templates, and outer surface 3240 is main­
tained at a temperature T extend suitable for synthesizing new 
complementary DNA strands using a DNA polymerase. 

[0726] TECs 3228, 3230, 3232 respond relatively rapidly 
to electrical signals and are independently controllable, so 
that the desired temperatures at outer surfaces 3236, 3238, 
3240 may be maintained relatively accurately. This may be 
facilitated by temperature sensors that monitor the tempera­
tures of the outer surfaces and provide real-time feedback 
signals to the TECs. Maintaining the various temperatures is 
also facilitated by gaps 3242, 3244, 3246, which are visible in 
both FIG. 77 and FIG. 78, between the inner segments. These 
gaps, which in this example are filled simply with air, provide 
insulation between the neighboring inner segments to help 
keep the inner segments thermally well-isolated from each 
other. In other embodiments, the gaps may be filled with other 
materials. 

[0727] FIG. 79 is a magnified isometric view of a central 
portion of grooves 3216 and tubing 3218 of FIG. 75, spanning 
the interface between two of the inner segments of the ther­
mocycler. The features of the grooves shown in FIG. 79 are 
also present in grooves 3 216' of FIG. 7 6. Specifically, grooves 
3216 and 3216' include sloping edge contours 3248 disposed 
at the periphery of each inner segment 3204, 3206, 3208. 
Edge contours 3248 allow the tubing to be wrapped around 
the inner segments, even if there is a slight misaligrnnent of 
two of the inner segments with respect to each other, because 
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the edge contours do not include sharp edges that can be 
fracture points for tubing under stress from curvature due to 
potential misalignment. 
[0728] The configuration of the inner segments in this 
example provides that each inner segment 3204, 3206, 3208 
is substantially thermally decoupled from the other inner 
segments, as FIG. 78 illustrates schematically. This has 
advantages over systems in which the various temperature 
regions are in greater thermal contact, because in this exem­
plary configuration there is relatively little heat conduction 
between segments. One source of conduction that still exists 
is conduction via the fluid and fluidic tubing that passes from 
one inner segment to the next; however, as described below, 
the effects of this conduction on temperature uniformity are 
generally small. 
[0729] FIG. 80 shows actual measured temperature versus 
arc length, as a function of average fluid velocity, near the 
interface between two inner segments configured according 
to this example. In particular, the effects of fluid heat conduc­
tion on temperature uniformity generally become insignifi­
cantly small within a few one-thousandths of a radian from 
the interface between inner segments, even for relatively 
rapid fluid velocity. Cycle times in the system can be adjusted 
dynamically by changing the flow rate through either soft­
ware or hardware modifications ( e.g., pump settings, drum 
radius, arc length of each segment (since length of time in a 
given segment or zone is proportional to the arc length of that 
segment), capillary internal diameter, etc.). 
[0730] FIGS. 73 and 77 each show aspects of a mounting 
system for TECs 3228, 3230, 3232. Here, one TEC is 
mounted between core 3202 and each of inner segments 
3204, 3206, 3208, as described previously. To attain posi­
tional accuracy when attaching each inner segment to the 
core, locating pins 3250 are configured to attach to both the 
core and one of the inner segments, to align each segment 
precisely with the core. Furthermore, the presence of the 
locating pins should reduce the likelihood that shear forces 
will act on the TECs and potentially damage them. The locat­
ing pins fit into complementary pin apertures 3252 disposed 
in both the inner segments and the core. In the exemplary 
embodiment of FIG. 73, a single locating pin is positioned at 
one end of the core (the top end in FIG. 73), and two locating 
pins are positioned at the other end of the core ( the bottom end 
in FIG. 73). 
[0731] FIG. 73 also shows bolts 3254 and washers 3256 
configured to attach the inner segments to the core. The bolts 
are generally chosen to have low thermal conductivity, so that 
the TECs remain the only significant heat conduction path 
between the core and the inner segments. For instance, the 
bolts may be constructed from a heat-resistant plastic or a 
relatively low thermal conductivity metal to avoid undesir­
able thermal conduction. The washers may be load compen­
sation washers, such as Belville-type washers, which are 
configured to provide a known compressive force that clamps 
each inner segment to the core. This bolt/washer combination 
resists loosening over time and also allows application of a 
known stress to both the bolts and the TECs, leading to greater 
longevity of the thermocycler. 

B. Selected Embodiments 2 

[0732] Various modifications and/or additions may be 
made to the exemplary embodiments of FIGS. 73-80 accord­
ing to the present disclosure. For example, a "hot start" 
mechanism may be added to facilitate a high-temperature 
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PCR activation step. FIG. 81 shows a central portion (i.e., 
outer segments not shown) of an exemplary thermocycler 
3200' including a hot start region 3258, which is separated 
from the remainder of the thermocycler by a gap 3260. The 
hot start region is configured to accept fluidic tubing just as 
are the inner segments, but is separated from the inner seg­
ments by gap 3260 to avoid unwanted heat conduction 
between the hot start region and the other portions of the 
thermocycler. A separate core portion (not shown) may be 
configured to heat region 3258 to a relatively high activation 
temperature, typically in the range of95-98° C., to dissociate 
any polymerase inhibitors that have been used to reduce non­
specific or premature PCR amplification. 
[0733] Aside from hot start region 3258 and its associated 
gap and core portion, the remainder of thermocycler 3200', 
which is generally indicated at 3262, may have a similar 
construction to thermocycler 3200 described previously. 
Alternatively, instead of thermoelectric controllers, ther­
mocycler 3200' may include an air core surrounded by a 
plurality ofresistive section heaters (not shown) for heating 
various temperature regions 3263, 3265, 3267 of the ther­
mocycler. These regions may be separated by insulating gaps 
3269, 3271, which extend into an insulating base portion 
3273 to help thermally isolate the temperature regions from 
each other. The configuration of the base portion, including 
the insulating gaps, can be changed to adjust thermal conduc­
tance between the different temperature regions. 

C. Selected Embodiments 3 

[0734] This subsection describes various alternative exem­
plary thermocyclers 3202a-h, in accordance with aspects of 
the present disclosure; see FIGS. 82-89. 
[0735] FIGS. 82-89 are schematic diagrams depicting top 
views of the thermocyclers. These diagrams, like FIG. 78, 
correspond to and are topologically equivalent to three-di­
mensional cylindrical thermocycling units. The thermocy­
clers each include three inner ( e.g., melt, anneal, and extend) 
segments 3204a-h, 3206a-h, 3208a-h in thermal contact with 
fluidic tubing 3218a-h for carrying samples undergoing PCR. 
The segments, in tum, each may ( or optionally may not) be in 
thermal contact with respective ( e.g., melt, anneal, and 
extend) heating elements 3252a-h, 3254a-h, 3256a-h (de­
noted by vertical bars) for delivering heat to the segments. 
The segments also may be in direct or indirect contact with 
one or more TECs (indicated by cross-hatching), one or more 
thermal conductive layer(s) (indicated by stippling), one or 
more thermal insulating layer(s) (indicated by dashed-dotted 
hatching), and/or one or more heated or unheated cores (indi­
cated by hatching or stippling, respectively). These and other 
components of the thermocyclers may be selected and ini­
tially and/or dynamically adjusted to establish, maintain, and/ 
or change the absolute and relative temperatures of the dif­
ferent segments and thus of the associated fluidic tubing and 
PCR samples. Specifically, the components may be selected 
and/or adjusted to accomplish a temperature goal by account­
ing for heat added to or removed from the segments via 
conduction through other core components (including fluidic 
tubing and the associated fluid) and/or convection with the 
environment. In particular, the TECs, where present, may 
transfer heat to or from the segments to facilitate more rapid 
and precise control over the associated segment temperatures 
and thus the associated reaction temperatures. 
[0736] FIG. 82 depicts a first alternative thermocycler 
3200a. In this embodiment, the melt, anneal, and extend 
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segments 3204a, 3206a, and 3208a are in thermal contact 
with a connnon unheated (e.g., plastic block) core 3260 via 
respective thermal insulating layers 3264, 3266, 3268. The 
insulating layers (and insulating layers described elsewhere 
in this Section) independently may be made of the same or 
different materials, with the same or different dimensions, 
such that the layers may have the same or different thermal 
conductivities. For example, in this embodiment, the insulat­
ing layers for the melt and extend segments are made of the 
same material, with the same thickness, whereas the insulat­
ing layer for the anneal segment is made of a different mate­
rial, with a different thickness. Heat for performing PCR is 
supplied to the segments by heating elements 3254a, 3256a, 
3258a. This embodiment is particularly simple to construct, 
with relatively few, mostly passive components. However, it 
is not as flexible or responsive as the other pictured embodi­
ments. 

[0737] FIG. 83 depicts a second alternative thermocycler 
3200b. In this embodiment, the melt, anneal, and extend 
segments 3204b, 3206b, and 3208b are in thermal contact 
with a connnon heated (e.g., copper) core 3270. However, 
disposed between the segments and the core, preventing their 
direct contact, are respective insulating layers 3274, 3276, 
3278 (one for each segment), a connnon thermal conductor 
3280 (in contact with all three insulating layers), and a com­
mon TEC 3282 (in contact with the connnon thermal conduc­
tor and with the connnon heated core). Heat for performing 
PCR is supplied to the segments by heating elements 3254b, 
3 256b, 3 258b and by the connnon core. The TEC may be used 
to transfer heat to and from the inner segments and the heated 
core, across the intervening insulating and conducting layers, 
to adjust, up or down, the temperatures of the segments. 

[0738] FIG. 84 depicts a third alternative thermocycler 
3200c. In this embodiment, the melt and extend segments 
3204c and 3208c are in thermal contact with a connnon 
unheated core 3290 via respective insulating layers 3294, 
3298, whereas the anneal segment 3206c is in thermal contact 
with a heated core 3300 via a dedicated intervening TEC 
3296. This configuration substantially thermally decouples 
the anneal segment from the melt and extend segments and 
allows the temperature of the anneal segment to be changed 
relatively rapidly via heating element 3256c, heated core 
3300, and the TEC. The temperatures of the melt and extend 
segments, which are thermally connected through unheated 
core 3284, may be changed via heating elements 3254c, 
3258c (to add heat) and conduction to the unheated core (to 
remove heat). 

[0739] FIG. 85 depicts a fourth alternative thermocycler 
3200d. In this embodiment, thermocycler 3200c (from FIG. 
84) is further coupled to a common heated core 3302 via an 
intervening TEC 3304, allowing enhanced feedback and con­
trol over the temperatures of the melt and extend segments via 
the TEC layer. 

[0740] FIG. 86 depicts a fifth alternative thermocycler 
3200e. In this embodiment, the melt, anneal, and extend 
segments 3204e, 3206e, 3208e are in thermal contact with a 
common heated core 3310 via either a dedicated insulating 
layer 3314, 3318 (in the case of the melt and extend segments) 
or a dedicated TEC layer 3316 (in the case of the anneal 
layer). This configuration allows relatively rapid feedback 
and control over the temperature of the anneal segment via a 
combination of the heating element 3256e and the TEC, while 
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still providing a measure of control over the temperatures of 
the melt and extend segments via heating elements 3254e, 
3258e. 
[0741] FIG. 87 depicts a sixth alternative thermocycler 
3200/ In this embodiment, which is similar to thermocycler 
3200e of FIG. 86, a connnon conducting layer 3320 and a 
connnon TEC 3322 separate the segments from the entirety of 
a heated thermal core 3323. The TEC is in thermal contact 
with the anneal segment through the conducting layer, 
whereas the TEC is separated from the melt and extend seg­
ments both by the conducting layer and by dedicated insulat­
ing layers 3324, 3328. 
[0742] FIG. 88 depicts a seventh alternative thermocycler 
3200g. In this embodiment, the melt, anneal, and extend 
segments 3204g, 3206g, 3208g each are in thermal contact 
with a respective heated core 3334, 3336, 3338 via a dedi­
cated intervening TEC 3344, 3346, 3348 (for a total of three 
segments, three heated cores, and three TECs ). This embodi­
ment provides rapid feedback and separate control over the 
temperature of each inner segment. In particular, each seg­
ment is independently in thermal contact with dedicated heat­
ing element and a dedicated heated core, such that heat can be 
transferred to or from the segment from two dedicated 
sources or sinks. However, this embodiment also is more 
complicated, requiring controllers for each TEC. 
[0743] FIG. 89 depicts an eighth alternative thermocycler 
3200h. In this embodiment, in which a single section of a 
heated core 3354 is aligned interior to one inner segment 
(e.g., the extend segment 3208h) of the thermocycler, sepa­
rated from the segment by a TEC 3358. The extend segment, 
in tum, is in thermal contact with a neighboring inner segment 
(e.g., the anneal segment 3206h) via an unheated conductor 
3362, which is separated from the inner segment by a second 
TEC 3364. The anneal segment, in turn, is in thermal contact 
with a neighboring inner segment ( e.g., melt segment 3204h) 
via another unheated conductor 3368, which is separated 
from the inner segment by a third TEC 3370. Thus, core 
section 3354 remains available to all of the TECs as a heat 
source and heat sink. 

D. Selected Embodiments 4 

[0744] This example describes a thermocycler disposed 
within an instrument that also includes other components 
such as a cooling mechanism and a protective housing; see 
FIG. 90. 
[0745] FIG. 90 generally depicts an exemplary thermocy­
cling instrument 3400 at various stages of assembly. Instru­
ment 3400 includes a thermocycler, generally indicated at 
3402, which is substantially similar to thermocycler 3200 
described above, but which generally may take various forms, 
including one or more features of any of the thermocyclers 
described in the previous examples. The instrument may 
include additional components, such as a front plate, connec­
tion port, a heat sink, a cooling fan, and/or a housing, as 
described below. 
[0746] A front plate 3404 is attached to the thermocycler 
with a plurality of fasteners 3406 that pass through central 
apertures 3408 in the front plate and complementary aper­
tures in the thermocycler. The front plate helps to isolate the 
thermocycler from external air currents and thus to maintain 
controlled temperature zones within the unit. 
[0747] A connection port 3412 is attached to the front plate, 
and is configured to supply power to the instrument and to 
receive sensor information obtained by the instrument. Thus, 
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the connection port is configured to receive electrical power 
from outside the instrument and transmit the power to the 
instrument, and to receive sensor signals from within the 
instrument and transmit the signals outside the instrument. 
Transfer of power and sensor signals may be accomplished 
through suitable connecting wires or cables (not shown) dis­
posed within and outside the instrument. 
[0748] A heat sink 3414 and a cooling fan 3416, which will 
be collectively referred to as a cooling mechanism 3418, are 
shown attached to a side of the thermocycler opposite the 
front plate. One or both components of cooling mechanism 
3418 will generally be mounted to the thermocycler using 
suitable fasteners such as bolts, pins and/or screws. In FIG. 
90, heat sink 3414 is attached directly to the thermocycler, 
and cooling fan 3416 is attached to the heat sink. Heat sink 
3414 includes a central aperture 3420, which is aligned with 
a central aperture of the thermocycler core that defines a 
central longitudinal axis (see, e.g., FIGS. 73, 74, and 77). 
These aligned apertures facilitate heat transfer from the cen­
tral ( axial) portion of thermocycler 3402 into the heat sink. 
The heat sink also may be formed of a relatively thermally 
conductive material to facilitate conduction of excess heat 
away from the thermocycler, and includes convection fins 
3424 to facilitate convection of heat away from the thermocy­
cler. 
[0749] Cooling fan 3416 is configured to blow cooling air 
through fins 3424 and aperture 3420 of the heat sink, to 
increase convective heat transfer away from the heat sink. Air 
from fan 3416 also may flow or be directed through the heat 
sink and into the central aperture of thermocycler 3402, to 
provide a convection current within the thermocycler. Dedi­
cated structures such as baffles, angled walls or canted fins 
(not shown) may be provided to facilitate the transfer of air 
from the cooling fan into the thermocycler. 
[0750] Thermocycler 3402 and cooling mechanism 3418 
are mounted within an external housing, generally indicated 
at 3426. Housing 3426 may include several discrete sections 
3428, 3430, 3432, 3434, which are configured to conform to 
various portions of the thermocycler and the cooling mecha­
nism, and which are further configured to fit together and 
interface with front plate 3404 to form housing 3426. The 
various discrete sections and the front plate of housing 3426 
are collectively configured to insulate the thermocycler from 
external air currents and other factors that could lead to 
uncontrolled temperature variations within the thermocycler. 

E. Selected Embodiments 5 

[0751] This example describes exemplary thermocyclers 
having temperature regions that vary in size and/or number 
along the length of the thermocycler, in accordance with 
aspects of the present disclosure; see FIGS. 91-92. 
[0752] FIG. 91 shows a side elevational view of portions of 
an exemplary thermocycler, generally indicated at 3450, hav­
ing three connected segments 3452, 3454, 3456, each defin­
ing a different temperature region. Segments 3452, 3454, 
3456 may be connected via a common core or through mate­
rials (typically thermally insulating materials), not shown, 
disposed between the segments. Segments 3452, 3454, 3456 
are angled along the length of the thermocycler (i.e., along the 
longitudinal axis), so that the inner segments ofthermocycler 
3450 collectively form a generally frustoconical shape as 
FIG. 91 depicts. Accordingly, each winding offluidic tubing 
3458 wrapped around the exterior ofthermocycler 3450 will 
be progressively shorter from top to bottom in FIG. 91, so that 
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the helical path followed by the tubing decreases in length 
over successive cycles. Assuming fluid flows through tubing 
3458 at a uniform speed, fluid within the tubing will therefore 
spend progressively less time in the temperature regions 
defined by segments 3452 and 3456. On the other hand, 
segment 3454 has a substantially constant width, so that fluid 
flowing through tubing 3458 will spend a substantially con­
stant amount of time in the corresponding temperature region 
with each successive cycle, again assuming the fluid flows 
with a uniform speed. 
[0753] The thermocycler depicted in FIG. 91 may be use­
ful, for example, when it is desirable to begin a thermocycling 
operation with relatively long time duration cycles, and sub­
sequently to decrease the cycle duration to speed up the 
overall thermocycling process. In applications such as PCR, 
this may be the case because efficient target molecule repli­
cation becomes increasingly less important with each succes­
sive thermocycle. For instance, if a single target molecule 
fails to replicate during the first cycle and then replicates with 
perfect efficiency in the subsequent 19 cycles, the result after 
20 cycles will be 219 target molecules. However, if a single 
target molecule replicates with perfect efficiency for the first 
19 cycles, but one molecule fails to replicate during the twen­
tieth cycle, the result after 20 cycles will be (220 -1) target 
molecules. 
[0754] Aside from a frustoconical shape, many other ther­
mocycler configurations can be used to affect the time of 
passage of a sample fluid through the various temperature 
regions of a thermocycler. For example, the sizes of various 
temperature regions may be decreased in discrete steps, by 
sequentially decreasing the radius of a cylindrical thermocy­
cler in discrete steps. In general, any configuration that results 
in a changing path length traveled by successive windings of 
fluidic tubing may be suitable for altering the time a fluid 
spends at each desired temperature over the course of the 
entire thermocycling process. 
[0755] FIG. 92 shows a side elevational view of portions of 
an exemplary thermocycler, generally indicated at 3500, hav­
ing temperature regions that vary in number along the length 
of the thermocycler, in accordance with aspects of the present 
disclosure. Specifically, thermocycler 3500 includes a plural­
ity of inner segments 3502, 3504, 3506, 3508, 3510 that each 
may be configured to define a separate temperature region. 
These segments may be attached to a common core (not 
shown) or bound together in any suitable manner, and may be 
separated by air or any other suitable medium, typically a 
thermally insulating material. The gaps between segments, if 
any, may have any chosen widths to generate a desired tem­
perature profile in both the longitudinal direction and the 
tangential direction. As FIG. 92 depicts, the plurality ofinner 
segments includes a different number of inner segments 
attached to the core at different positions along the longitu­
dinal axis. 
[0756] Fluid traveling through fluidic tubing 3520 would 
encounter a first portion 3512 of the thermocycler having just 
a single temperature region defined by segment 3502. Subse­
quently, the fluid would encounter a second portion 3514 of 
the thermocycler having three temperature regions defined by 
segments 3504, 3506, and 3508. Next, the fluid would 
encounter a third portion 3516 of the thermocycler having 
two temperature regions defined by segments 3504, 3508, and 
finally the fluid would encounter a fourth portion 3518 of the 
thermocycler having a single temperature region defined by 
section 3510. 

BIO-RAD EX.1026.119



US 2010/0173394 Al 

[0757] Any desired number of longitudinal portions, 
instead of or in addition to portions 3512, 3514, 3516 and 
3518, may be included in a thermocycler, to alter the number 
of temperature regions encountered by a fluid as it proceeds 
through a thermocycling process. Furthermore, any desired 
number of tangential segments may be included within each 
longitudinal portion, so that particular windings of fluidic 
tubing may be configured to encounter essentially any num­
ber of temperature regions. By combining the features of 
thermocycler 3500 with the features of thermocycler 3450 
depicted in FIG. 91, a thermocycler can be constructed to 
provide virtually any temporal temperature profile to a mov­
ing fluid, making the disclosed thermocyclers suitable for a 
wide range of applications. 

F. Selected Embodiments 6 

[0758] This example describes various additional aspects 
and possible variations of a thermocycler, in accordance with 
aspects of the present disclosure. 
[0759] Whereas thermocyclers are primarily described 
above as including a single "strand" of fluidic tubing wrapped 
substantially helically around the circumference of heated 
sections of the thermocycler, many variations are possible. 
For example, more than one strand of tubing may be pro­
vided, and the various strands all may be wrapped around a 
portion of the thermocycler. In some cases, the strands may be 
braided in some fashion so that they cross each other repeat­
edly, whereas in other cases the strands all may be configured 
to directly contact the heated thermocycler sections for sub­
stantially the entirety of their wrapped length. In addition, one 
or more tubes may be configured to pass through the heated 
sections of a thermocycler, rather than wrapped around their 
exteriors. For instance, the heated sections may be cast, 
molded, or otherwise formed around the tubes. In some cases, 
fluid tight channels may be formed in this manner, so that 
tubes are not necessary. 
[0760] In some cases it may be desirable to vary the number 
of thermocycles provided by a thermocycling instrument, 
either dynamically or by providing several varying options 
for the number of cycles a particular fluid will encounter. 
Dynamic changes in the number of thermocycles may be 
provided, for example, by unwinding or additionally winding 
the fluidic tubing around the thermocycler. Optional numbers 
of cycles may be provided, for example, by providing mul­
tiple fluidic tubes that are wound a different number of times 
around the instrument, or by creating various optional bypass 
mechanisms (such as bypass tubes with valves) to selectively 
add or remove cycles for a particular fluid. 
[0761] Although the heated segments of the thermocyclers 
described above are generally shown separated from each 
other by thermally insulating air gaps, any desired thermally 
insulating material may be placed between the heated seg­
ments of a thermocycler according to the present disclosure. 
For example, the use of a low-density polymer or a silica 
aerogel may provide increased thermal isolation of neighbor­
ing segments, both by reducing the thermal conductivity of 
the insulating regions and by decreasing convective heat 
transfer. 
[0762] The disclosed thermocyclers may be used for PCR, 
any other molecular amplification process, or indeed any 
process involving cyclical temperature changes of a fluid 
sample, whether or not the sample includes discrete droplets. 
For example, potentially target-containing samples may be 
separated into discrete units other than droplets, such as by 
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binding sample molecules to a carrier such as a suitable bead 
or pellet. These alternative carriers may be placed in a back­
ground fluid and thermocycled in much the same way as 
droplets in an emulsion. Alternatively, a plurality of ther­
mocyclers may be used simultaneously to cycle different bulk 
fluid samples in parallel or in an overlapping sequence, with­
out separating the fluid samples into many discrete units. 

G. Selected Embodiments 7 

[0763] This example describes additional aspects of a ther­
mocycler, in accordance with aspects of the present disclo­
sure, presented without limitation as a series of numbered 
sentences. 
[0764] 1. A method ofthermocycling a sample-containing 
fluid to promote target molecule amplification, comprising 
(A) transferring an emulsion of sample-containing droplets 
into a thermocycling instrument; (B) providing a denaturing 
temperature to the emulsion; (C) providing a primer anneal­
ing temperature to the emulsion; and (D) providing a poly­
merase extension temperature to the emulsion; wherein pro­
viding the denaturing temperature, the primer annealing 
temperature, and the polymerase extension temperature 
respectively include transporting the emulsion in a substan­
tially helical path cyclically through a denaturing temperature 
region, a primer annealing temperature region, and a poly­
merase extension temperature region. 
[0765] 2. The method of paragraph 1, further comprising 
providing a hot-start temperature to the emulsion, prior to 
providing the denaturing temperature to the emulsion, by 
transporting the emulsion in a substantially helical path 
through a hot-start temperature region. 
[0766] 3. The method of paragraph 1, wherein the tempera­
tures are provided through the use of thermoelectric coolers 
configured to transfer heat between a thermal core and the 
temperature regions. 
[0767] 4. The method of paragraph 1, wherein the helical 
path decreases in length over successive cycles. 
[0768] 5. A thermocycling system configured to promote 
molecular amplification, comprising (A) a core defining a 
central longitudinal axis; (B) a plurality of inner segments 
attached to the core and defining a plurality of temperature 
regions; (C) a plurality of heating elements configured to 
maintain each temperature region approximately at a differ­
ent desired temperature; and (D) a fluid channel configured to 
transport an emulsion of sample-containing droplets cycli­
cally through the temperature regions. 
[0769] 6. The system of paragraph 5, further comprising a 
plurality of outer segments attached to the inner segments, 
and wherein the fluid channel is disposed between the inner 
and outer segments. 
[0770] 7. The system of paragraph 5, wherein the fluid 
channel is configured to transport the emulsion in a substan­
tially helical path. 
[0771] 8. The system of paragraph 5, wherein the fluid 
channel includes fluidic tubing wrapped around the inner 
segments. 
[0772] 9. The system of paragraph 8, wherein the fluidic 
tubing is disposed in grooves of the inner segments that define 
a substantially helical path around the inner segments. 
[0773] 10. The system of paragraph 5, wherein the fluid 
channel is disposed within the inner segments. 
[0774] 11. The system of paragraph 5, wherein the inner 
segments include external grooves, and wherein the fluid 
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channel is defined by the grooves and by a fluid tight sheet 
wrapped around the inner segments. 
[0775] 12. The system of paragraph 5, wherein the core is 
configured as a heat source and as a heat sink, and wherein the 
heating elements include at least one thermoelectric cooler 
disposed between one of the inner segments and the core. 
[0776] 13. The system of paragraph 12, wherein at least one 
independently controllable thermoelectric cooler is disposed 
between each of the inner segments and the core. 
[0777] 14. The system of paragraph 12, wherein the core is 
maintained at an operating temperature that falls between two 
of the desired temperatures. 
[0778] 15. The system of paragraph 12, wherein the at least 
one thermoelectric cooler is disposed between a pair of ther­
mally conductive and mechanically compliant pads. 
[0779] 16. The system of paragraph 5, wherein the core is 
unheated, and further comprising a thermal insulating layer 
disposed between the core and each inner segment. 
[0780] 17. The system of paragraph 5, wherein the core 
includes a plurality of core sections, each independently in 
thermal contact with one of the inner segments. 
[0781] 18. The system of paragraph 5, wherein at least a 
portion of each inner segment is angled along the longitudinal 
axis so that the inner segments collectively form an approxi­
mately frustoconical shape. 
[0782] 19. The system of paragraph 5, wherein the plurality 
of inner segments includes a different number of inner seg­
ments attached to the core at different positions along the 
longitudinal axis. 
[0783] 20. A thermocycling instrument configured to pro­
mote molecular amplification, comprising (A) a core includ­
ing a central aperture defining a central longitudinal axis; (B) 
a plurality of inner segments attached to the core and defining 
a plurality of temperature regions; (C) a plurality of heating 
elements configured to maintain each temperature region 
approximately at a different desired temperature; (D) a fluid 
channel configured to transport an emulsion of sample-con­
taining droplets cyclically through the temperature regions; 
and (E) a thermally conductive heat sink including a central 
aperture aligned with the central aperture of the core. 
[0784] 21. The instrument of paragraph 20, further com­
prising a cooling fan configured to blow air through the cen­
tral aperture of the heat sink and the central aperture of the 
core. 
[0785] 22. An apparatus for performing reactions in drop­
lets, comprising (A) a droplet generator that produces drop­
lets disposed in an immiscible carrier fluid; (B) a heater 
assembly comprising at least two temperature-controlled 
zones maintained at respective distinct temperatures (C) a 
coiled tube that receives droplets from the droplet generator 
and that traverses the temperature-controlled zones serially 
and repeatedly; and (D) a pump that drives travel of droplets 
through the coiled tube such that the droplets are cyclically 
heated and cooled by the temperature-controlled zones. 
[0786] 23. The apparatus of paragraph 22, wherein the dis­
tinct temperature of at least one of the temperature-controlled 
zones is regulated by a thermoelectric cooler. 
[0787] 24. The apparatus of paragraph 22, further compris­
ing a controller in communication with the thermoelectric 
cooler and programmed to actively adjust electrical power 
supplied to the thermoelectric cooler to maintain a set point 
temperature of at least one of the temperature-controlled 
zones under varying thermal loads. 
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[0788] 25. The apparatus of paragraph 22, wherein a pair of 
the temperature-controlled zones are thermally coupled to 
each other by a thermoelectric cooler. 

[0789] 26. The apparatus of paragraph 4, wherein the ther­
moelectric cooler is disposed between the pair of tempera­
ture-controlled zones. 

[0790] 27. The apparatus of paragraph 22, wherein the 
heater assembly includes a thermally conductive core, and 
wherein each of the temperature-controlled zones includes a 
conductive segment disposed at least generally radially from 
the thermally conductive core. 

[0791] 28. The apparatus of paragraph 22, wherein the dis­
tinct temperature of each member of a pair of the temperature­
controlled zones is regulated by a respective thermoelectric 
cooler, and wherein the heater assembly includes a thermally 
conductive core that is connected to the respective thermo­
electric coolers and is maintained at a temperature interme­
diate to the distinct temperatures of the pair oftemperature­
controlled zones. 

[0792] 29. The apparatus of paragraph 22, wherein the tube 
wraps around the heater assembly a plurality of times. 

[0793] 30. The apparatus of paragraph 22, wherein the 
heater assembly includes a thermally conductive core and a 
heating element coupled to the thermally conductive core. 

[0794] 31. The apparatus of paragraph 22, wherein the 
heater assembly comprises at least three temperature-con­
trolled zones maintained at three or more respective distinct 
temperatures, wherein the coiled tube comprises a plurality of 
coils, and wherein each coil thermally couples to each of the 
at least three temperature-controlled zones. 

[0795] 32. The apparatus of paragraph 31, wherein two or 
more coils of the coiled tube thermally couple to a same 
temperature-controlled zone at a same range of angular posi­
tions on each of the coils. 

[0796] 33. The apparatus of paragraph 22, further compris­
ing one or more other discrete, coiled tubes that traverse the 
temperature-controlled zones serially and repeatedly. 

[0797] 34. The apparatus of paragraph 33, wherein the at 
least one other coiled tube is interspersed with the coiled tube. 

[0798] 35. The apparatus of paragraph 22, further compris­
ing at least one thermally controlled incubation region main­
tained at a predefined incubation temperature, the incubation 
region being located upstream from the temperature-con­
trolled zones thereby causing a temperature of droplets flow­
ing through the tube to at least substantially reach the incu­
bation temperature prior to being heated and cooled 
cyclically by the temperature-controlled zones. 

[0799] 36. The apparatus of paragraph 35, wherein heat for 
the incubation region is supplied by a heater or a thermoelec­
tric cooler. 

[0800] 37. An apparatus for performing reactions in drop­
lets, comprising (A) a heater assembly comprising at least 
two temperature-controlled zones maintained at respective 
distinct temperatures, a temperature of at least one of the 
temperature-controlled zones being regulated by a thermo­
electric cooler; (B) a coiled tube that traverses the tempera­
ture zones serially and repeatedly; and (C) a pump that drives 
fluid flow through the coiled tube such that the fluid is cycli­
cally heated and cooled by the temperature-controlled zones. 
[0801] 38. The apparatus of paragraph 37, wherein a pairof 
the temperature-controlled zones are thermally coupled to 
each other by the thermoelectric cooler. 
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[0802] 39. The apparatus of paragraph 38, wherein the ther­
moelectric cooler is disposed between the pair of tempera­
ture-controlled zones. 
[0803] 40. The apparatus of paragraph 37, wherein the 
heater assembly includes a thermally conductive core, and 
wherein each of the temperature-controlled zones includes a 
conductive segment disposed at least generally radially from 
the thermally conductive core. 
[0804] 41. The apparatus of paragraph 37, wherein the dis­
tinct temperature of each member of a pair of the temperature­
controlled zones is regulated by a respective thermoelectric 
cooler, and wherein the heater assembly includes a thermally 
conductive core that is connected to each of the respective 
thermoelectric coolers and is maintained at a temperature 
intermediate to the distinct temperatures of the pair of tem­
perature-controlled zones. 
[0805] 42. The apparatus of paragraph 37, wherein the tube 
wraps around the heater assembly a plurality of times. 
[0806] 43. The apparatus of paragraph 42, wherein the 
heater assembly includes a thermally conductive core and a 
heating element coupled to the thermally conductive core. 
[0807] 44. The apparatus of paragraph 37, wherein the 
heater assembly comprises at least three temperature-con­
trolled zones maintained at three or more respective distinct 
temperatures, wherein the coiled tube forms a plurality of 
coils, and wherein each coil thermally couples to each of the 
at least three temperature-controlled zones. 
[0808] 45. The apparatus of paragraph 44, wherein two or 
more coils of the coiled tube thermally couple to a same 
temperature-controlled zone at a same range of angular posi­
tions on each of the coils. 
[0809] 46. The apparatus of paragraph 3 7,further compris­
ing one or more other discrete, coiled tubes that traverse the 
temperature-controlled zones serially and repeatedly. 
[081 OJ 4 7. The apparatus of paragraph 3 7,further compris­
ing at least one thermally controlled incubation region main­
tained at a predefined incubation temperature, the incubation 
region being located upstream from the temperature-con­
trolled zones thereby causing a temperature of droplets flow­
ing through the tube to at least substantially reach the incu­
bation temperature prior to being heated and cooled 
cyclically by the temperature-controlled zones. 
[0811] 48. The apparatus of paragraph 47, wherein heat for 
the incubation region is supplied by a heater or a thermoelec­
tric cooler. 
[0812] 49. A method of nucleic acid analysis, comprising 
(A) generating droplets disposed in an immiscible carrier 
fluid, each droplet including a partition of a sample disposed 
in an amplification reaction capable of amplifying a nucleic 
acid target, if present in the droplet; (B) driving the droplets 
through a coiled tube that traverses two or more temperature­
controlled zones serially and repeatedly, to thermally cycle 
the droplets under conditions promoting amplification of the 
nucleic acid target; (C) detecting one or more signals from 
one or more of the droplets; and (D) determining a presence of 
the nucleic acid target in the sample based on the signals. 
[0813] 50. A thermocycling apparatus comprising a coiled 
tube traversing a plurality of temperature controlled regions 
in at least one substantially helical winding, each of the 
regions including at least a first zone maintained at a first 
temperature and a second zone maintained at a second tem­
perature thereby causing the temperature of one or more 
droplets in an immiscible carrier fluid flowing through the 
tube to cycle between the first and the second temperatures. 
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[0814] 51. The apparatus of paragraph 50, wherein the plu­
rality ofregions includes between two and fifty regions. 
[0815] 52. The apparatus of paragraph 50, wherein the tem­
perature of at least one of the temperature controlled zones is 
regulated by a thermoelectric controller. 
[0816] 53. The apparatus of paragraph 52, wherein at least 
two temperature controlled zones are separated by a thermo­
electric controller. 
[0817] 54. The apparatus of paragraph 50, wherein the tem­
perature of the first temperature controlled zone is regulated 
by a first thermoelectric controller and the temperature of the 
second temperature controlled zones is regulated by a second 
thermoelectric controller. 
[0818] 55. The apparatus of paragraph 53, wherein the first 
and second thermoelectric controllers are connected to a 
common conductor, and wherein the common conductor is 
maintained at a temperature intermediate to the first and sec­
ond zone temperatures. 
[0819] 56. The apparatus of paragraph 50, wherein the 
droplets include at least one of water, salt, DNA, RNA, pro­
teins, prions, fluorescent dyes, probes, primers, surfactants 
sample, and nucleotides. 
[0820] 57. The apparatus of paragraph 50, wherein the 
immiscible carrier fluid includes at least one of vegetable oil, 
fluorocarbon oil, mineral oil, and surfactants. 
[0821] 58. The apparatus of paragraph 50, wherein the 
coiled tube comprises a plurality of loops, and wherein the 
first and the second temperature controlled zones extend 
across at least two of the loops, thereby causing the tempera­
ture of fluid flowing through the tube to cycle between the first 
and the second cycling temperatures at the same relative 
angular position on each of the loops. 
[0822] 59. The apparatus of paragraph 58, wherein each 
winding comprises a plurality of separately controlled tem­
perature controlled regions and the temperature of any of the 
first and second zones of any member of the plurality of 
regions can be maintained at the same temperature thereby 
allowing the angular section of the winding regulated at the 
first temperature and the angular section of the winding regu­
lated at the second temperature to be set to independent pre­
determined values. 
[0823] 60. The apparatus of paragraph 50, wherein the 
coiled tube further comprises at least one thermally con­
trolled incubation region maintained at a predefined incuba­
tion temperature, the incubation region located upstream 
from the temperature controlled regions thereby causing the 
temperature of the fluid flowing through the tube to reach the 
incubation temperature prior to entering the cycling regions. 
[0824] 61. The apparatus of paragraph 60, wherein the heat 
for the incubation region is supplied by either a thermoelec­
tric controller or a resistive heater. 
[0825] 62. The apparatus of paragraph 50, wherein the heat 
to maintain the temperatures of the temperature controlled 
regions is provided by at least one of conduction, convection, 
radiation, electric heaters, circulating liquid heaters, air blow­
ers, incandescent light sources, lasers, LEDs, and micro­
waves. 
[0826] 63. The apparatus of paragraph 52, wherein the ther­
moelectric controller is actively adjusted to maintain a sub­
stantially constant temperature under varying thermal loads 
caused by changes in advective heat flux, including at least 
one of the following changes: turning fluid flow on and off 
within the tube, changing flow rate of a fluid within the tube, 
alternating oil and droplet packets within the tube, receiving 
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a plug of cleaning solution within the tube, a change in den­
sity of fluid within the tube, a change in heat capacity of fluid 
within the tube, a change in thermal conductivity of fluid 
within the tube, and a change in thermal diffusivity of fluid 
within the tube. 
[0827] 64. An apparatus for performing a continuous-flow 
reaction, comprising (A) at least one capillary tube having a 
first open end for fluid inlet and a second open end for fluid 
outlet to permit a continuous flow; and (B) at least two solid 
heating blocks, wherein the temperature of at least one heat­
ing block is controlled by a thermoelectric controller. 
[0828] 65. The apparatus of paragraph 64 wherein at least 
one heating block is controlled by a resistive heater. 
[0829] 66. The apparatus of paragraph 64 wherein the heat­
ing blocks are in direct contact with each other. 
[0830] 67. The apparatus of paragraph 64 wherein the heat­
ing blocks are maintained at different temperatures. 
[ 0831] 68. The apparatus of paragraph 64 wherein the appa­
ratus comprises three heating blocks, wherein a first heating 
block is maintained at a temperature between 85 and 99° C., 
a second heating block is maintained at a temperature 
between 50 and 65° C., and a third heating block is main­
tained at a temperature between 60 and 80° C. 
[0832] 69. The apparatus of paragraph 64 wherein the cap­
illary tube is looped around the heating blocks. 
[0833] 70. The apparatus of paragraph 64 wherein the cap­
illary tube contacts the heating blocks sequentially and repeti­
tively. 
[0834] 71. The apparatus of paragraph 64 wherein the cap­
illary tube contacts each heating block at least 20 times. 
[0835] 72. An apparatus for performing a continuous-flow 
reaction, comprising (A) at least one capillary tube having a 
first open end for fluid inlet and a second open end for fluid 
outlet to permit a continuous flow; and (B) at least two solid 
heating blocks, wherein at least one heating block is resis­
tively heated and the capillary tube is looped around the 
heating blocks. 
[0836] 73. An apparatus for performing high-throughput 
nucleic acid amplification, comprising (A) a microdroplet 
generator comprising an orifice, wherein the orifice connects 
a sample flow pathway to a tube comprising an immiscible 
fluid; (B) at least one capillary tube having a first open end for 
fluid inlet and a second open end for fluid outlet to permit a 
continuous flow; and (C) a thermal cycling device, wherein 
the device has a plurality of fixed heating blocks, wherein the 
capillary tube is looped around the heating blocks and con­
tacts the heating blocks sequentially. 

VI. Detection 

[0837] This Section describes exemplary detection sys­
tems, for example, for detecting sample-containing droplets. 
The systems may involve sensing or detecting the droplets 
themselves and/or contents of the droplets. The detection of 
droplets themselves may include determining the presence or 
absence of a droplet (or a plurality of droplets) and/or a 
characteristic(s) of the droplet, such as its size (e.g., radius or 
volume), shape, type, and/or aggregation state, among others. 
The detection of the contents of droplets may include deter­
mining the nature of the contents (e.g., whether or not the 
droplet contains a sample(s)) and/or a characteristic of the 
contents (e.g., whether or not the contents have undergone a 
reaction, such as PCR, the extent of any such reaction, etc.). 
[0838] The detection of droplets and their contents, if both 
are detected, may be performed independently or coordi-
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nately, in any suitable order. For example, the detection may 
be performed serially ( one droplet at a time), in parallel, in 
batch, and so forth. 
[0839] The detection of droplets and their contents may be 
performed using any technique(s) or mechanism(s) capable 
of yielding, or being processed to yield, the desired informa­
tion. These mechanisms may include optical techniques ( e.g., 
absorbance, transmission, reflection, scattering, birefrin­
gence, dichroism, fluorescence, phosphorescence, etc.), elec­
trical techniques (e.g., capacitance), and/or acoustic tech­
niques (e.g., ultrasound), among others. The fluorescence 
techniques, in turn, may include fluorescence intensity, fluo­
rescence polarization ( or fluorescence anisotropy) (FP), fluo­
rescence correlation spectroscopy (FCS), fluorescence recov­
ery after photobleaching (FRAP), total internal reflection 
fluorescence (TIRF), fluorescence resonance energy transfer 
(FRET), fluorescence lifetime, and/or fluorescence imaging, 
among others. 
[0840] The remainder of this Section describes exemplary 
detection systems, including droplet sensors and reaction 
sensors. In these exemplary systems, the droplet sensor may 
generate and detect scattered light, and the reaction sensor 
may generate and detect fluorescence, among other 
approaches. These systems are described, for convenience, in 
the context of a PCR reaction; however, the techniques apply 
more generally to any reaction, such as a biochemical reac­
tion, capable of generating, or being modified to generate, a 
detectable signal. 
[0841] In an exemplary PCR assay (or other nucleic acid 
amplification assay), the sample is first combined with 
reagents in a droplet, and the droplet is then thermocycled to 
induce PCR. It may then be desirable to measure the fluores­
cence of the droplets to determine which, if any, contained 
one or more target nucleotide sequences. This generally 
involves illuminating the droplets with radiation at a wave­
length chosen to induce fluorescence, or a change in a char­
acteristic of the fluorescence, from one or more fluorescent 
probes associated with the amplified PCR target sequence(s). 
For example, in an exemplary fluorescence intensity assay, if 
a relatively large intensity of fluorescence is detected, this 
indicates that PCR amplification of the target nucleotide 
occurred in the droplet, and thus that the target was present in 
that portion of the sample. Conversely, if no fluorescence or a 
relatively small intensity of fluorescence is detected, this 
indicates that PCR amplification of the target nucleotide did 
not occur in the droplet, and thus that a target was likely not 
present in that portion of the sample. In other fluorescence­
based embodiments, the extent of reaction could be deter­
mined from a decrease in fluorescence intensity, instead of a 
decrease, and/or a change in one or more other fluorescence 
parameters, including polarization, energy transfer, and/or 
lifetime, among others. 
[0842] The following examples describe specific exem­
plary detection systems, in accordance with aspects of the 
invention. Additional pertinent disclosure may be found in the 
U.S. provisional patent applications listed above under Cross­
References and incorporated herein by reference, particularly 
Ser. No. __ , filed Sep. 21, 2009, titled DETECTION 
SYSTEMS FOR DROPLET-BASED ASSAYS, and naming 
Donald A. Masquelier, Kevin Dean Ness, Benjamin J. Hind­
son, and Billy W. Colston, Jr., as inventors. 

A. Example 1 

Detection System 1 
[0843] This example describes an optical detection system 
based on measuring the end-point fluorescence signal of each 
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sample/reagent droplet after a PCR amplification process is 
complete. The exemplary system is suitable for making both 
qualitative and quantitative measurements; see FIGS. 93 and 
94. 
[0844] FIG. 93 depicts a cytometry-type optical detection 
system, generally indicated at 4200. The term "cytometry" 
refers to the fact that the detection system is configured to 
detect both scattered and fluorescence radiation. Detection 
system 4200 includes a radiation source 4202, transmission 
optics generally indicated at 4204, a forward scatter detector 
4206, and a fluorescence detector 4208. The forward scatter 
detector may be replaced or augmented, in some embodi­
ments, by side and/or back scatter detectors, among others, 
configured to detect light detected to the side or back of the 
sample, respectively. Similarly, the fluorescence detector 
may be replaced or augmented, in some embodiments, by an 
epi-fluorescence detector, among others, configured to detect 
fluorescence emitted anti-parallel to the excitation light ( e.g., 
back toward transmission optics 4204 (which could, in such 
embodiments, include a dichroic or multi-dichroic beam 
splitter and suitable excitation and emission filters)). 

[0845] Sample-containing droplets 4210, which have 
already undergone at least some degree of PCR thermocy­
cling, are transferred through a capillary tube or other similar 
fluid channel 4212, which intersects the path of radiation 
from radiation source 4202 at an intersection region generally 
indicated at 4214. An optical element 4216, such as a con­
verging lens, may be placed between intersection region 4214 
and forward scatter detector 4206, to focus scattered radiation 
on the scatter detector. Similarly, an optical element 4218 
may be placed between intersection region 4214 and fluores­
cence detector 4208, to focus fluorescence radiation on the 
fluorescence detector. The system may include an obscura­
tion bar 4219, operatively positioned between the sample and 
detector, which reduces the amount of direct (unscattered) 
excitation radiation (light) that falls on the detector. The 
obscuration bar, shown here as a small square object in front 
of optical element 4216, may create a triangular-shaped 
shadow 4219a behind the optical element. This arrangement 
makes it easier for detector 4206 to detect changes in index of 
refraction that have scattered (at small angles) the normal 
beam. 

[0846] Radiation from source 4202 may be partially scat­
tered when it encounters a droplet, and the scattered radiation 
may be used to determine one or more properties of the 
droplet. For example, scattered radiation indicating the pres­
ence of a droplet in intersection region 4214 may be sensed by 
scatter detector 4206, and this information may be used to 
activate fluorescence detector 4208, which may otherwise 
remain deactivated (i.e., when a droplet is not present in the 
intersection region) to conserve power within the system. 
Even if the fluorescence detector remains continuously 
active, detecting the presence of a droplet may be useful for 
other purposes. For example, tracking the droplets passing 
through intersection region 4214 may be desirable because 
some droplets passing through the intersection region may 
not be detected by the fluorescence detector ( e.g., if the drop­
lets do not contain reaction product). In addition, tracking the 
droplets may allow background noise (i.e, the signal received 
by the detector in the absence of a droplet) to be removed, 
improving the signal-to-noise ratio. Furthermore, as 
described below, various properties of a detected droplet may 
be estimated from data sensed by forward or side scatter 
detector 4206. 
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[0847] Radiation detected by scatter detector 4206 may be 
used to infer the size ( or other properties) of a detected drop­
let. Specifically, a measurement of the duration of a scattering 
event representing the presence of a droplet within intersec­
tion region 4214, in conjunction with knowledge of the aver­
age speed of droplet passage through the intersection region, 
can be used to determine the width of the droplet in a plane 
normal to the direction of the incident radiation from source 
4202. If this width is less than the diameter of channel 4214, 
then it can be inferred that the droplet is an approximate 
sphere with a diameter less than the diameterof channel 4214, 
and the volume of the droplet can be calculated. If, on the 
other hand, the width of the droplet exceeds the diameter of 
channel 4214, this indicates that the droplet is likely contact­
ing the walls of the channel and is not spherical. However, the 
droplet volume still may be estimated by modeling the droplet 
as a cylinder or other similar shape passing through the chan­
nel. As described below, a determination of droplet volume 
may be useful for normalizing the results of any correspond­
ing fluorescence detection. 
[0848] In some cases, radiation from source 4202 also may 
be scattered from intersection region 4214 even if it does not 
encounter a droplet, for instance, if it encounters a partially 
reflective surface such as a fluid interface or a wall of fluid 
channel 4212. This type of scattered radiation will generally 
have a different signature than radiation scattered from a 
droplet, so that it generally serves merely as a background for 
droplet scattering events. Whether scattering occurs in the 
absence of a droplet depends on the particular configuration 
of system 4200, as will be described below. Similarly, scat­
tering may occur when droplets outside a desired size range 
pass through the intersection region, and the signature of 
radiation scattered from such droplets may be used to affect 
the subsequent treatment of such droplets. For example, the 
fluorescence signals received from unusually small or large 
droplets may be removed from a statistical sample, to 
increase statistical accuracy. In any case, after passing 
through intersection region 4214, scattered and/or unscat­
tered radiation from radiation source 4202 is directed toward 
forward scatter detector 4206. 
[0849] Radiation from source 4202 that is absorbed by 
droplets within intersection region 4214 may stimulate the 
emission of fluorescence radiation that can be detected by 
fluorescence detector 4208. More specifically, radiation inter­
secting a droplet may excite a fluorescent probe, such as a 
TAQMAN probe, that is configured to fluoresce significantly 
only if the fluorescent portion of the pro be becomes separated 
from a quencher molecule. This separation, or cleaving, typi­
cally occurs only when polymerase replicates a sequence to 
which the probe is bound. In other words, a probe will fluo­
resce significantly only in droplets within which a target 
nucleotide sequence has been amplified through PCR. 
Accordingly, radiation source 4202 will generally be config­
ured to emit radiation at a wavelength that stimulates fluores­
cent emission from one or more probes known to be present in 
the sample, and fluorescence detector 4208 will be configured 
to detect such stimulated radiation. 

[0850] Radiation source 4202 may take any form suitable 
for transmitting radiation at one or more desired wavelengths 
or wavelength bands. For example, radiation source 4202 
may be a laser, such as a diode laser, emitting substantially 
monochromatic light at a wavelength of 488 nanometers (nm) 
or at some other desired wavelength. Radiation source 4202 
also may include multiple separate lasers, emitting light at 
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either a single wavelength or at multiple different wave­
lengths. One or more ( or all) of the lasers of radiation source 
4202 may be replaced by an alternate source oflight, such as 
a light-emitting diode (LED) configured to emit a directed 
beam of radiation at one or more desired wavelengths. In yet 
other embodiments, white light illumination, for example, 
from a Halogen lamp, may also be used to provide the radia­
tion source. 
[0851] Transmission optics 4204 may include any optical 
components suitable for directing, focusing, or otherwise 
desirably affecting radiation from source 4202. For example, 
as depicted in FIG. 93, the transmission optics may include 
one or more steering mirrors 4220, each configured to direct 
incident radiation in a desired direction such as toward 
another optical component or toward intersection region 
4214. Also as depicted in FIG. 93, the transmission optics 
may include a converging lens 4222, which is configured to 
focus radiation from source 4202 onto intersection region 
4214 to maximize scattering and fluorescence caused by the 
radiation. The transmission optics may further include addi­
tional components such as aperture stops, filters, diverging 
lenses, shaped mirrors, and the like, to affect the transmission 
path and/or properties of the radiation from source 4202 
before it arrives at intersection region 4214. In addition, the 
transmission optics further may include (in this and other 
embodiments) a mechanism for monitoring properties of the 
incident ( excitation) radiation. For example, the transmission 
optics may include a partial mirror 4224 for reflecting a 
portion of the incident radiation to a detector 4226, such as a 
photodiode, for monitoring the intensity of the incident light. 
This would allow correction of the detected scattering and 
fluorescence for changes that simply reflect changes in the 
intensity of the incident light. 
[0852] Forward scatter detector 4206 is configured to 
receive and detect radiation scattered from droplets passing 
through intersection region 4214, as described previously. 
Various types of detectors may be suitable, depending on the 
desired cost and/or sensitivity of the detector. In approximate 
order of decreasing sensitivity, exemplary types of scatter 
detectors that may be suitable include photodiodes, avalanche 
photodiodes, multi-pixel photon counters, and photomulti­
plier tubes. The presence of optical element 4216, which 
typically will be a converging lens used to refocus scattered 
radiation toward scatter detector 4206, may decrease the nec­
essary sensitivity of the forward scatter detector for a given 
application, by increasing the intensity per unit area of scat­
tered radiation incident on the detector. 
[0853] Fluorescence detector 4208 is configured to receive 
and detect fluorescence radiation emitted by droplets at or 
near the time they pass through intersection region 4214. 
Various types of fluorescence detectors may be suitable, 
depending on factors such as desired cost and/or sensitivity, 
including photodiodes, avalanche photodiodes, multi-pixel 
photon counters, and photomultiplier tubes. Also as in the 
case of the forward scatter, utilizing an optical element 4218, 
typically a converging lens, between intersection region 4214 
and fluorescence detector 4208 may decrease the necessary 
sensitivity of the fluorescence detector by increasing the 
intensity per unit area of fluorescence radiation incident on 
the detector. 
[0854] FIG. 94 depicts exemplary fluorescence measure­
ments made by fluorescence detector 4208. More specifically, 
FIG. 94 shows a post-PCR end-point fluorescence trace from 
droplets, in which each "peak" 4230 represents the intensity 
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of detected fluorescence emitted by an individual droplet 
flowing through intersection region 4214. As FIG. 94 indi­
cates, the resulting histogram can be used to identify positive 
from negative signals. Specifically, the signals depicted in 
FIG. 94 each may be compared to a cut-off or threshold 
fluorescence level, as indicated by dashed line 4232. Signals 
exceeding the threshold level will be interpreted as positive 
for PCR amplification, and thus for the presence of the target 
nucleotide sequence in the corresponding droplet, as indi­
cated for an exemplary signal at 4234. On the other hand, 
signals falling below threshold level 4232 will be interpreted 
as negative outcomes, indicating that the corresponding drop­
let did not contain the target. 
[0855] An example of a negative signal is indicated at 4236, 
where the detection of a sub-threshold amount of fluores­
cence is due to the presence of uncleaved fluorescent pro be in 
the droplet. As described previously, the fluorescence of such 
probes is generally not completely quenched even in the 
absence of cleavage by a binding polymerase. Also, the dif­
ferences in fluorescent intensity of a positive, as seen in the 
signal voltage peak heights between the positive peak at 4230 
and positive peak 4234, can be attributed to different amounts 
of starting nucleic acid target originally in the droplet prior to 
PCR (e.g., one versus two starting targets). The ratio of dif­
ferent amounts of starting target amounts may be governed by 
Poisson statistics. 
[0856] Typically, hundreds to millions of droplets are ana­
lyzed per run. In any case, after a desired number of signals 
have been detected by fluorescence detector 4208, i.e., after a 
desired number of droplets have passed through intersection 
region 4214, the positive and negative signals are counted and 
analyzed. Analysis is typically performed using receiver-op­
erator characteristic curves and Poisson statistics to deter­
mine target presence and target concentration, respectively. 
Running analysis using Poisson statistics can also be per­
formed to give an estimate of target concentration prior to 
processing all the droplets (i.e., subsets of the total droplets 
are used in the statistical analysis). The analysis of droplets is 
further described in Section VII. 

B. Example2 

Detection Systems Using Optical Fibers 

[0857] This example describes fluorescence detectors con­
figured to measure the end-point fluorescence signal of 
sample/reagent droplet after PCR, and which utilize one or 
more optical fibers to transmit radiation to and/or from an 
intersection region within which illuminating radiation inter­
sects the path of the sample-containing droplets. The exem­
plary systems are suitable for making both qualitative and 
quantitative measurements; see FIGS. 95-99. 
[0858] FIG. 95 depicts an optical detection system, gener­
ally indicated at 4250, which is similar to system 4200 
depicted in FIG. 93 except that transmission optics 4204 of 
system 4200 have been replaced by an optical fiber 4254. 
Optical fiber 4254 may be constructed from a glass, a plastic, 
and/or any other material that is substantially transparent to 
radiation of one or more particular desired wavelengths and 
configured to transmit that radiation along the length of the 
fiber, preferably with little or no loss of intensity. 
[0859] Replacing the transmission optics with optical fiber 
4254 may allow system 4254 to be constructed relatively 
inexpensively and in a more space-saving manner than sys­
tems using optical elements such as mirrors and lenses. This 
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results from the fact that the cost and space associated with 
the other optical elements is no longer necessary, and also 
from the fact that optical fiber 4254 may be shaped in any 
desired manner, allowing significant design flexibility. Aside 
from optical fiber 4254, detection system 4250 otherwise 
includes a radiation source 4252, a forward scatter detector 
4256, and a fluorescence detector 4258, all of which are 
similar to their counterparts in system 4200 and will not be 
described again in detail. 
[0860] Optical fiber 4254 is depicted in FIG. 95 as ending a 
short distance from droplets 4260 traveling in fluid channel 
4262 through an intersection region generally indicated at 
4264, in which radiation emitted from the end of the optical 
fiber intersects with the droplets traveling through the fluid 
channel. Other configurations are possible in which, for 
example, the optical fiber is configured to focus radiation 
more precisely toward the intersection region and/or is inte­
grated directly into the fluid channel. These possibilities are 
described below in more detail; see FIGS. 98 and 99 and 
accompanying discussion. 
[0861] FIG. 96 depicts an optical detection system, gener­
ally indicated at 4270, which is similar to system 4200 
depicted in FIG. 93 except that optical elements 4216 and 
4218 of system 4200 have been replaced by optical fibers 
4286 and 4288 in system 4270 of FIG. 96. As in the case of 
optical fiber 4254 shown in FIG. 95 and described above, 
optical fibers 4286 and 4288 each may be constructed from a 
glass, a plastic, and/or any other material that is substantially 
transparent to radiation of one or more particular desired 
wavelengths and configured to transmit that radiation along 
the length of the fiber, preferably with little or no loss of 
intensity. 
[0862] In the case of system 4270, optical fiber 4286 will be 
configured to transmit at least scattered radiation having a 
wavelength equal to the wavelength oflight emitted by radia­
tion source 4272 (which generally does not change during 
scattering), and optical fiber 4288 will be configured to trans­
mit at least fluorescence radiation emitted by any fluorescent 
probes within droplets 4280 that are excited by incident radia­
tion from source 4272. Accordingly, optical fibers 4286 and 
4288 may in some cases be constructed from different mate­
rials. The use of optical fibers 4286 and 4288 may result in 
cost and space savings for the same reasons described previ­
ously with respect to the use of optical fiber 4254 in system 
4250. 
[0863] Aside from the use of optical fibers 4286 and 4288, 
system 4270 is similar to system 4200, including radiation 
source 4272, transmission optics 4274, a forward scatter 
detector 4276, and a fluorescence detector 4278, which are 
similar to their previously described counterparts and will not 
be described further. Radiation from source 4272 passes 
through transmission optics 4274 and encounters droplets 
4280 traveling through fluid channel 4282, at an intersection 
region 4284. Some of the forward scattered radiation is trans­
mitted through optical fiber 4286 to forward scatter detector 
4276. Similarly, some of the fluorescence radiation emitted 
from droplets 4280 is transmitted through optical fiber 4288 
to fluorescence detector 4278. As in the case of optical fiber 
4254 in FIG. 95, optical fibers 4286 and 4288 are shown 
starting at a distance from fluid channel 4282, but as noted 
above, other configurations are possible and will be described 
below with reference to FIGS. 98 and 99. 
[0864] FIG. 97 depicts an optical detection system, gener­
ally indicated at 4300, in which optical fibers are used to 
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transmit both incident and outgoing radiation. More specifi­
cally, system 4300 includes a radiation source 4302, an opti­
cal fiber 4204 for transmitting emitted radiation away from 
source 4302, a forward scatter detector 4306, and a fluores­
cence detector 4308. Post-PCR sample-containing droplets 
4310 are transferred through fluid channel 4312 toward inter­
section region 4314. Optical fiber 4316 transmits scattered 
radiation from intersection region 4314 to forward scatter 
detector 4306, and optical fiber 4318 transmits fluorescence 
radiation from intersection region 4314 to fluorescence detec­
tor 4308. 
[0865] As described previously, the use of optical fibers 
may result in various cost and space savings. These savings 
may be further amplified, relative to systems 4250 and 4270, 
by the use of fiber optics for all of the radiation transfer in 
system 4300. Aside from the use of optical fibers for radiation 
transfer and any associated efficiencies, system 4300 is simi­
lar in both its components and its operation to the previously 
described systems, and accordingly will not be described 
further. 
[0866] FIG. 98 shows a magnified view of an intersection 
region, generally indicated at 4320, in which incident radia­
tion from a radiation source (not shown) is transmitted 
through an optical fiber 4322 to intersect with sample-con­
taining droplets 4324 traveling through a droplet input fluid 
channel 4326. Intersection region 4320 differs from the inter­
section regions described previously in that optical fiber 4322 
is integrated into a radiation input fluid channel 4328 that is 
fluidically connected with fluid channel 4326. Thus, radiation 
is emitted from optical fiber 4322 directly into the fluid within 
the connected fluid channels, so that it encounters droplets 
4324 without crossing either an interface between air and the 
fluid channel material (typically some form of glass) or an 
interface between the fluid channel material and the fluid 
within the channel. 
[0867] By configuring the intersection region in this man­
ner and avoiding two interfaces between media with different 
indices of refraction, undesirable reflections of the incident 
radiation may be decreased, resulting in a greater intensity of 
radiation reaching droplets 4324. Furthermore, embedding 
optical fiber 4322 within a connected fluid channel may allow 
for more convenient and stable placement of the optical fiber 
at a small distance from fluid channel 4326 and at a desired 
orientation relative to fluid channel 4326, again potentially 
resulting in a greater intensity of radiation reaching the drop­
lets. To secure optical fiber 4322 in place within channel 
4328, a fluidic fitting 4330 may be placed at an end of channel 
4328, and configured so that optical fiber 4322 passes through 
an aperture of the fitting in a fluid tight manner. 
[0868] Intersection regions of the type depicted in FIG. 98 
may take various forms. For example, as depicted in FIG. 98, 
optical fiber 4322 may have a slightly smaller outer diameter 
than the inner diameter of fluid channel 4328. Alternatively, 
optical fiber 4322 may have an outer diameter approximately 
equal to the inner diameter of fluid channel 4328, which may 
lead to an even more secure placement of the optical fiber 
within the fluid channel. In addition, FIG. 98 depicts an 
outgoing optical fiber 4332 disposed within a fluid channel 
4334 that is also fluidically connected with fluid channel 
4326. Optical fiber 4332, which is secured within channel 
4334 by a fluidic fitting 4336, is configured to transmit scat­
tered radiation to a forward scatter detector (not shown). In 
some embodiments, one of incoming optical fiber 4322 and 
outgoing optical fiber 4332 may be used, but not the other. 
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Furthermore, one or more additional optical fibers, such as an 
outgoing optical fiber leading to a fluorescence detector (not 
shown) may be fluidically coupled into intersection region 
4320. 
[0869] FIG. 99A depicts another intersection region, gen­
erally indicated at 4340, between sample-containing droplets 
4342 traveling through a fluid channel 4344 and excitation 
radiation 4346 emitted from a radiation source (not shown). 
Excitation radiation 4346 is transmitted to intersection region 
4340 through an optical fiber 4348, which is oriented with its 
long axis parallel to fluid channel 4344. As depicted in FIG. 
99A, optical fiber 4348 may come to a point or otherwise be 
tapered in the region proximal to fluid channel 4344, to focus 
excitation radiation 4346 (through internal reflections within 
the optical fiber) into channel 4344 and toward droplets 4342. 
This may allow the excitation radiation to be directed prima­
rily at a single droplet 4342', despite the collinear disposition 
of optical fiber 4348 with multiple droplets. 
[0870] Fluid channel 4344, which is configured to transport 
the droplets to intersection region 4340 where the droplets 
encounter stimulating radiation transmitted by optical fiber 
4348, is shown splitting into two ( or more) outgoing fluid 
channels 4350 and 4352 after droplets 4342 pass through the 
central part of intersection region 4340. This allows the 
sample-containing droplets to continue their motion through 
the PCR system while still allowing a collinear arrangement 
of fluid channel 4344 and optical fiber 4348. As FIG. 99A 
illustrates, the outgoing fluid channels and the optical fiber 
may be given complementary shapes, so that the optical fiber 
fits snugly between outgoing channels 4350 and 4352. This 
may lead to a relatively stable collinear configuration of the 
optical fiber and fluid channel 4344 (to help self-align the 
fiber and channel). 
[0871] The intersection region shown in FIG. 99A is con­
figured so that optical fiber 4348 transmits both excitation 
radiation 4346 and also fluorescence radiation 4354 emitted 
by the droplets. The fluorescence radiation is then transmitted 
back through the optical fiber and toward a fluorescence 
detector (not shown), which may be integrated with a radia­
tion source into a single component. Due to the shape of the 
proximal end of optical fiber 4348, emitted fluorescence 
radiation from stimulated droplet 4342' may enter optical 
fiber 4348 both "head on" and also from a subsequent position 
along one side of the optical fiber. This effectively lengthens 
the integration time of the fluorescence detection, resulting in 
better detection with a given detector sensitivity. 
[0872] FIG. 99B depicts another intersection region, gen­
erally indicated at 4360, which is similar in some respects to 
intersection region 4340 of FIG. 99A. Specifically, an optical 
fiber 4368 in FIG. 99B is configured to transmit excitation 
radiation 4366 from a radiation source (not shown) toward 
sample containing droplets 4362 traveling in a fluid channel 
4364, and fluorescence radiation 4374 from an excited drop­
let 4362' back through the optical fiber and toward a fluores­
cence detector (not shown). Unlike intersection region 4340, 
however, fluid channel 4364 of intersection region 4360 is 
oriented mostly perpendicular to the long axis of optical fiber 
4368, except for a "dog leg" or side-facing region 4380 in the 
central portion of intersection region 4360. 
[0873] Side-facingregion4380ofintersectionregion4360, 
which is configured to transport the droplets to intersection 
region 4360 where the droplets encounter stimulating radia­
tion transmitted by optical fiber 4368, is configured to allow 
only a small number of droplets, such as one droplet at a time, 
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to travel parallel to the long axis of optical fiber 4368. This 
configuration may result in relatively more accurate detection 
of fluorescence radiation, because only one droplet ( or a small 
number of droplets) is stimulated with incident radiation at a 
time, and only the stimulated droplet(s) emits substantial 
fluorescence radiation back into optical fiber 4368 for detec­
tion. 
[0874] Optical fiber 4368 of FIG. 99B may be partially or 
completely surrounded by fluid, and this surrounding fluid 
may be in fluid communication with fluid channel 4364. 
However, unlike fluid channels 4350 and 4352 of FIG. 99A, 
fluid regions 4370 and 4372 surrounding optical fiber 4368, 
which may in some cases constitute a single continuous fluid 
region, are too small to allow passage of any sample-contain­
ing droplets. Rather, these surrounding fluid region(s) are 
configured primarily to remove unnecessary interfaces 
between the optical fiber and the droplets, increasing the 
intensity of the incident radiation as described previously. 

C. Example3 

Detection Systems with Plural Radiation Channels 

[0875] In some cases, a detection system according to the 
present disclosure may include multiple separate incident 
radiation channels to illuminate sample-containing droplets 
that have undergone PCR thermocycling. This example 
describes two such systems and some of their potential uses; 
see FIGS. 100 and 101. 
[0876] FIG. 100 depicts a multi-channel cytometry-type 
optical detection system, generally indicated at 4400. Detec­
tion system 4400 includes a radiation source 4402, configured 
to emit radiation at one or more desired wavelengths. As 
described previously, a radiation source according to the 
present disclosure may be of various types, such as an LED 
source or a laser source, and may emit radiation substantially 
at a single wavelength, at a plurality of substantially discrete 
wavelengths, or within one or more ranges of wavelengths. 
[0877] Radiation from source 4402 passes from the source 
toward transmission optics, as generally indicated at 4404. 
Transmission optics 4404 may include one or more optical 
elements, such as a mirror 4406, configured primarily to 
redirect radiation emitted by source 4402 in a desired direc­
tion. Transmission optics 4404 also may include one or more 
optical elements, such as reflective elements 4408, 4410, 
4412, configured to split the radiation emitted by source 4402 
into several different portions, each of which may be redi­
rected in a particular manner, such as the manner shown in 
FIG. 100. Alternatively, radiation source 4402 may be omit­
ted, and reflective elements 4408, 4410, 4412 each may be 
replaced by a separate radiation source. In some cases, pro­
viding plural radiation sources in this manner may be simpler 
than splitting the radiation from a single source. 

[0878] In some instances, reflective elements 4408, 4410, 
4412 may be configured to transmit and reflect incident radia­
tion in different ways. For example, reflective element 4408 
may be configured to reflect approximately one-third of the 
radiation incident upon it and to transmit approximately two­
thirds of the radiation incident upon it, reflective element 
4410 may be configured to reflect approximately one-half of 
the radiation incident upon it and to transmit approximately 
one-half of the radiation incident upon it, and reflective ele­
ment 4412 may be configured to reflect substantially all of the 
radiation incident upon it. In this manner, radiation emitted by 
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radiation source 4402 may be split into three portions of 
approximately equal intensity. 
[0879] In cases where it is desirable to split the radiation 
emitted by source 4402 into a number of channels other than 
three, a plurality of reflective surfaces may be configured 
appropriately. Specifically, when n channels are desired, n 
reflective elements may be used, with the first reflective ele­
ment configured to reflect fraction 1/n and to transmit fraction 
(n-1 )/n of the radiation incident upon it, the second reflective 
element configured to reflect fraction 1/(n-1) and to transmit 
fraction ( n-2 )/ (n-1) of the radiation incident upon it, the third 
reflective element configured to reflect fraction 1/(n-2) and to 
transmit fraction (n-3)/(n-2) of the radiation incident upon it, 
and so forth, until the last reflective element in the sequence is 
a pure mirror that reflects all of the radiation incident upon it 
and transmits none. This results in each of the n reflective 
elements reflecting an equal fraction 1/n of the radiation 
emitted by the radiation source. 
[0880] An arrangement configured to split radiation from a 
source into several portions of either approximately equal 
intensity or differing intensities may be useful, for example, 
when it is desirable to search for various targets, each of 
which is bound to a fluorescent probe configured to be excited 
by the same wavelength of incident radiation but to fluoresce 
at a different wavelength. For instance, reflective surfaces 
4408, 4410 and 4412 may be configured to reflect radiation 
toward intersection regions 4414, 4416 and 4418, respec­
tively, which may be viewed as different adjacent portions of 
a single, larger intersection region. Similarly, when a plurality 
of radiation sources are used instead of reflective surfaces, 
each radiation source may be configured to transmit fluores­
cence stimulating radiation to a different adjacent portion of 
the intersection region. 
[0881] In the intersection region(s), the arriving radiation 
will intersect a fluid channel 4420 (such as a capillary tube) 
through which sample-containing droplets 4422 are moving. 
Each droplet thus may be irradiated a plurality of times, and 
accordingly may be stimulated to emit fluorescence radiation 
a plurality of times if the irradiated droplet contains any of 
several desired target nucleic acid sequences. However, the 
droplet may emit a different wavelength of stimulated radia­
tion depending upon which target it contains (and thus which 
fluorescent probe has been cleaved from its associated 
quenching molecule by replication of the target). 
[0882] To detect stimulated fluorescence radiation corre­
sponding to the various targets, a plurality of fluorescence 
detectors 4424, 4426, 4428 may be used, with each detector 
positioned and oriented to receive fluorescence radiation pro­
duced at a different one of intersection regions 4414, 4416, 
4418 ( or at a different portion of the larger intersection region 
encompassing regions 4414, 4416, 4418). Furthermore, each 
fluorescence detector may be configured to detect fluores­
cence at a different wavelength, corresponding to one or more 
(but not all) of the varieties of target molecules or target 
nucleic acid sequences. Thus, a given irradiated droplet may 
emit stimulated fluorescence that is detected by just one of 
detectors 4424, 4426, 4428, resulting in a "positive" detection 
of just one (or a subset) of the target sequences. In this 
manner, system 4400 may be used to search for multiple 
targets simultaneously. 
[0883] Splitting incident radiation in the manner of system 
4400 also may be useful when it is desirable to illuminate 
sample-containing droplets for more time than it takes the 
droplet to pass through the unsplit beam of the source. For 
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instance, as described above, system 4400 may be configured 
so that droplets 4422 passing through a fluid channel 4420 
intersect radiation from source 4402 at several intersection 
regions 4414, 4416, 4418 corresponding to the various split 
beams. If these intersection regions are disposed relatively 
near each other, then each droplet may essentially be continu­
ously illuminated in an area spanning all of the intersection 
regions 4414, 4416, 4418. The resulting relatively long inte­
gration time (i.e., the time of exposure of a droplet to illumi­
nating radiation) may result in greater fluorescence from each 
target-containing droplet, and thus in greater accuracy of the 
detection system. Another way to obtain a similar result is 
illustrated in FIG. 101 and will be described in detail below. 
[0884] Still considering FIG. 100, detection system 4400 
also may be used to search for multiple different nucleic acid 
targets in cases where various probes that respond to different 
incident wavelengths of excitation radiation have been com­
bined with a sample. For example, radiation source 4402 may 
be configured to emit radiation at a plurality of discrete wave­
lengths or wavelength ranges, by using a plurality ofradiation 
emitters or a single emitter configured to produce radiation at 
all of the desired wavelengths. In this case, each ofreflective 
surfaces 4408 and 4410 (and possibly 4412) may be dichroic 
and configured to reflect substantially all of the radiation at a 
particular wavelength ( or within a particular wavelength 
range) and to transmit the remaining incident radiation. Alter­
natively, as described above, a plurality of radiation sources 
may be provided and configured to transmit fluorescence 
stimulating radiation at a different wavelength. 
[0885] When dichroic reflective surfaces are provided, 
reflective surface 4408 may be configured to reflect a particu­
lar wavelength or wavelength range toward intersection 
region 4414, reflective surface 4410 may be configured to 
reflect another particular wavelength or wavelength range 
toward intersection region 4416, and reflective surface 4412 
may be configured to reflect yet another particular wave­
length or wavelength range toward intersection region 4418. 
Alternatively, reflective surface 4412 may be configured to 
reflect all radiation toward region 4418, since this will include 
any desired radiation that was not already reflected by sur­
faces 4408 and 4410. Accordingly, different wavelengths of 
incident radiation will arrive at each intersection region 4414, 
4416, 4418, and stimulated fluorescence emission will occur 
only if a probe sensitive to a particular arriving wavelength 
has been activated due to polymerase cleaving of its associ­
ated quenching molecule, i.e., only if a particular target is 
present. Detectors 4424, 4426, 4428 may be used to monitor 
the activation of droplets within the various intersection 
regions, as described previously. 
[0886] FIG. 101 depicts another multi-channel cytometry­
type optical detection system, generally indicated at 4450. 
System 4450 is generally similar to system 4400, including a 
radiation source 4452 and transmission optics generally indi­
cated at 4454. In the case of system 4450, the transmission 
optics may include first and second mirrors 4456, 4458 con­
figured to redirect radiation emitted by source 4452 in a 
desired manner. Transmission optics 4454 also may include 
one or more other optical elements (not shown) for focusing 
radiation from source 4452, as described previously. 
[0887] As indicated in FIG. 101, mirror 4458 may be 
adjustable so that it is configured to reflect radiation at a range 
of different angles, to direct it toward a range of different 
positions along a fluid channel 4460 through which sample­
containing droplets 4462 are being transferred. Thus, the 
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reflected radiation defines an intersection region, generally 
indicated at 4464, which is substantially wider than it would 
be if mirror 4458 was fixed in a single orientation. If mirror 
4458 is adjusted relatively rapidly, this configuration may 
allow radiation from source 4452 to illuminate more than one 
droplet at a time, or may cause a single droplet to fluoresce at 
various positions within fluid channel 4460. In this case, a 
plurality of detectors 4466, 4468, 4470 may be oriented to 
look for radiation at particular wavelengths corresponding to 
various target probes. 
[0888] Alternatively, if the adjustment speed of mirror 
4458 is chosen to correspond to the known approximate speed 
of sample-containing droplets traveling within fluid channel 
4460, then the mirror may effectively increase the illumina­
tion time of each droplet by "tracking" the droplet through the 
channel. In this case, it may be appropriate to use only a single 
fluorescence detector, with a field of view that spans the entire 
path traveled by a droplet during its illumination. 

D. Example4 

Separation of Droplets 

[0889] This example describes fluid focus mechanisms for 
achieving a desired separation between sample-containing 
droplets as they pass through a fluorescence detection system; 
see FIGS. 102-104. As the discussion above indicates, it may 
be desirable for droplets within a detection region to be sepa­
rated by some known average distance, or at least by some 
approximate minimum distance. For example, adequate spac­
ing may permit split beams of radiation and/or detectors to be 
disposed most appropriately, and may allow a suitable choice 
of adjustment range for an adjustable mirror, when one is 
used. 
[0890] In addition, proper spacing can help to avoid unin­
tentionally detecting radiation from two or more droplets 
simultaneously, which can result in false positives and other 
errors in the detection system. For instance, as described 
previously, an uncleaved probe within a droplet still emits 
some amount of fluorescence even though the nucleic acid 
target is not present in the droplet. Thus, the intensity of 
fluorescence emitted from two or more droplets, neither of 
which contains a target, may be sufficient to trigger a positive 
detection result if the fluorescence from those multiple drop­
lets is mistakenly thought to come from a single droplet. 
Other errors, such as errors in determining droplet volume 
and target concentration, also may result when droplets are 
spaced too closely together. 
[0891] FIG. 102 shows a fluid focus mechanism, generally 
indicated at 4480, which is configured to separate sample­
containing droplets from each other by some desired amount 
of distance. This mechanism may be used, for example, to 
separate droplets prior to transferring them toward a detector 
intersection region such as intersection region 4214 of FIG. 
93, intersection region 4264 of FIG. 95, or any of the other 
intersection regions described above. Focus mechanism 4480 
includes a droplet input channel 4482, which contains 
sample-containing droplets 4484 that are spaced closely 
together. Focusing fluid, indicated by arrows 4486, is trans­
ferred through focus fluid input channels 4488, 4490, so that 
it encounters droplets from the droplet input channel at a 
focus region generally indicated at 4492. 
[0892] A droplet entering focus region 4492 will be chan­
neled into droplet egress channel 4494, which is the only 
channel through which fluid can exit the focus region. Egress 
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channel 4494 may be configured to have regions with a 
smaller inner diameter 4496 than the inner diameter of some 
or all of droplet input channel 4482 and focus fluid input 
channels 4488, 4490, although in some instances this may not 
be the case. Because fluid is flowing into focus region 4492 
from focus fluid input channels 4488 and 4490 as well as from 
droplet input channel 4482, and/or because egress channel 
4494 has a smaller cross sectional area than the other chan­
nels, fluid will flow more rapidly through the egress channel 
than through the other channels. 
[0893] Because of the increase in fluid speed as fluid 
approaches the egress channel, droplets will accelerate as 
they enter the egress channel, and will become separated from 
each other as FIG. 102 indicates. By appropriate choices of 
channel inner diameters and focus fluid input velocity, essen­
tially any desired average spacing between droplets can be 
achieved. Within egress channel 4494, there may be an irra­
diation zone, generally indicated at 4498. The irradiation 
zone may have features, such as increased transparency and/ 
or thinner channel walls, which are conducive to irradiating 
droplets with radiation from a radiation source 4500. A for­
ward scatter detector 4502 and a fluorescence detector 4504 
may be positioned appropriately to detect scattered and fluo­
rescence radiation, as described previously. 
[0894] FIG. 103 shows another fluid focus mechanism, 
generally indicated at 4510. As in the case of fluid focus 
mechanism 4480 of FIG. 102, fluid focus mechanism 4510 is 
configured to increase the distance between closely spaced 
sample-containing droplets to some desired minimum aver­
age value. Fluid focus mechanism 4510 includes a droplet 
input channel 4512 that has a body portion 4514 and a neck 
portion 4516. Body portion 4514 may be configured to con­
tain a relatively large number of closely spaced sample-con­
taining droplets 4515, as FIG.103 depicts, or in some cases it 
may contain a stream of continuously flowing droplets. In 
either case, the diameter of neck portion 4516 may be chosen 
to substantially match, or to be just slightly larger than, the 
expected average droplet diameter, so that only one droplet at 
a time will typically be able to travel through the neck portion. 
[0895] Mechanism 4510 also includes an outer fluid chan­
nel 4518, which surrounds at least a portion of droplet input 
channel 4512, including neck portion 4516. In conjunction 
with droplet input channel 4512, outer fluid channel 4518 
defines a focus fluid input channel 4520 between the droplet 
input channel and the outer fluid channel. Typically, droplet 
input channel 4512 and outer fluid channel 4518 will be 
cylindrical, so that focus fluid input channel 4520 will take the 
form of a concentric cylindrical shell. Focusing fluid, gener­
ally indicated by arrows 4522, may be transferred through 
focus fluid input channel 4520 at a desired velocity. Accord­
ingly, as each droplet 4515 exits neck portion 4516, it will 
accelerate away from the neck portion due to the flow of the 
focusing fluid. Through careful selection of the geometry of 
the system and the focusing fluid velocity, any desired sepa­
ration between adjacent droplets exiting the neck portion can 
be attained. A radiation source 4524, a forward scatter detec­
tor 4526, and a fluorescence detector 4528 may be provided to 
irradiate, track, and analyze droplets as described previously. 
[0896] FIG. 104 is a section offluidic tubing 4540 illustrat­
ing how an appropriate choice of fluid channel diameter(s) 
can contribute to an appropriate separation between droplets. 
This point was discussed above, in the description of neck 
portion 4516 of fluid focus mechanism 4510. This description 
applies not only to a neck portion of a droplet input channel, 
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but also more generally to any fluid channel through which 
droplets pass within a detection system according to the 
present disclosure. For example, the same considerations 
apply to fluid channel 4512 of FIG. 93, fluid channel 4262 of 
FIG. 95, etc. 
[0897] As FIG. 104 depicts, fluidic tubing 4540 may be 
selected to have an inner diameter that is correlated with the 
expected average droplet diameter. Accordingly, a droplet 
4542 having a slightly smaller than average diameter will be 
relatively unlikely to be in close proximity to additional drop­
lets in the tubing. Similarly, a droplet 4544 having the 
expected average diameter will move freely within tubing 
4540, and will maintain its spherical shape. Finally, a droplet 
4546 having a diameter slightly greater than the expected 
average diameter will take ona partially cylindrical shape, the 
volume of which may be estimated accordingly. Thus, an 
appropriate choice of fluid tubing size can help to ensure 
proper separation between droplets. 

E. Example 5 

Batch Fluorescence Detection 

[0898] In some cases, it may be desirable to irradiate and/or 
detect fluorescence from sample-containing droplets in rela­
tively large batches rather than one droplet at a time. This 
example describes a system for detecting fluorescence emit­
ted from a plurality of droplets that have been transferred to a 
chamber for batch detection; see FIG. 105. 
[0899] FIG. 105 schematically depicts a batch optical 
detection system, generally indicated at 4560. In contrast to 
the previously described continuous flow detection systems, 
in which sample-containing droplets flow continuously 
through an intersection region where excitation radiation 
intersects the path of the moving droplets, system 4560 is 
configured to detect radiation from a plurality of droplets that 
have been collected in a detection region, and in some cases 
temporarily stopped from flowing through the system. This 
allows the fluorescence level of many droplets to be detected 
in a single detection operation, which may be advantageous in 
some applications. 
[0900] Batch detection system 4560 includes a droplet 
input channel 4562, within which sample-containing droplets 
4564 may be caused to flow in an emulsion (such as a water­
in-oil emulsion), just as in the previously described detection 
systems. System 4560 also includes a valve mechanism, gen­
erally indicated at 4566, which is configured to selectively 
direct droplets toward either of two fluorescence detection 
chambers 4568, 4570. For example, valve mechanism 4566 
may include a first valve 4572 disposed between droplet input 
channel 4562 and detection chamber 4568, and a second 
valve 4574 disposed between droplet input channel 4562 and 
detection chamber 4570. Thus, by opening and closing valves 
4572 and 4574 appropriately, droplets may be transferred 
selectively into chambers 4568, 4570. This may allow a sub­
stantially continuous flow of emulsion to be transferred from 
the droplet input fluid channel to the fluorescence detection 
chambers. 

[0901] Chambers 4568, 4570 may be configured to have a 
relatively shallow depth, to allow substantially only a mono­
layer of droplets within each chamber, so that only one drop­
let is disposed within each portion of the line of sight of a 
detector and is confined to the focal plane of the detector. 
Alternatively, various three-dimensional detection configura-
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tions, such as confocal imaging or wide-field imaging with 
deconvolution, may be used with non-monolayer samples. 
[0902] A radiation source 4576 is configured to illuminate 
droplets within chambers 4568, 4570, and after a desired 
number of droplets are transferred into one of the detection 
chambers, the chamber may be illuminated with radiation 
from source 4576. Source 4576 may be configured in various 
ways to illuminate substantially all of the droplets within a 
chamber. For example, radiation source 4576 may include a 
single radiation emitting element, configured to illuminate 
substantially the entire chamber either by emitting a broad 
beam of radiation or by emitting radiation toward intermedi­
ate optics (not shown) that spread the emitted beam to cover 
the entire chamber. The radiation source also may include a 
plurality of radiation emitting elements, such as lasers, LEDs, 
and/or lamps, among others, each configured to illuminate a 
portion of the appropriate detection chamber. Alternatively or 
in addition, one or more radiation emitting elements of radia­
tion source 4576 may be configured to scan the chamber, to 
sequentially illuminate droplets within the chamber, or the 
chamber itself may be configured to move so that all portions 
of the chamber intersect a substantially stationary beam of 
radiation. In some cases, a combination of two or more of the 
above techniques may be effective. 
[0903] A fluorescence detector 4578 is provided and con­
figured to detect fluorescence emitted from droplets 4564. As 
has been described previously, the amount of fluorescence 
emitted by a particular droplet is expected to be significantly 
higher if the droplet contains a target nucleotide sequence, 
because in that case the corresponding fluorescent probe will 
typically have been cleaved from its associated quenching 
molecule. Thus, after the droplets within a detection chamber 
have been illuminated with stimulating radiation or in some 
cases while illumination is occurring, detector 4578 may be 
configured to receive fluorescence from the detection cham­
ber: As in the case of illumination, detection may proceed in 
various ways. For example, a large format detector such as a 
CCD focal plane array may be used to detect radiation emitted 
from an entire detection chamber simultaneously. Alterna­
tively, a smaller detector such as a photodiode or a photomul­
tiplier may be scanned across the chamber, or the chamber 
may be repositioned with respect to the detector, to detect 
fluorescence radiation from various portions of the detection 
chamber sequentially. 
[0904] System 4560 may be configured to allow substan­
tially continuous flow through droplet input channel 4562, by 
transferring droplets into two or more detection chambers, 
such as chambers 4568, 4570, sequentially. For example, 
FIG. 105 depicts the system at a time when chamber 4568 has 
already been filled with droplets and is being illuminated 
and/or imaged, whereas chamber 4570 is in the process of 
being filled. Accordingly, valve 4572 will be in its closed 
position, and valve 457 4 will be in its open position, to allow 
droplets to flow into chamber 4570. 
[0905] Upon completion of the detection process on the 
droplets within chamber 4568, valve 4574 may be closed, 
valve 4572 may be opened, and another valve 4580 at the 
distal end of chamber 4568 also may be opened. This stops the 
flow of droplets into chamber 4570 and restarts the flow of 
droplets into chamber 4568, while allowing the droplets 
already in chamber 4568 to escape through distal valve 4580. 
Another distal valve 4582 may be disposed at the end of 
chamber 4570 for a similar purpose. Alternatively, before the 
flow of droplets into a given chamber is resumed, and while 
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droplets are still flowing into the other chamber, the chamber 
not receiving droplets may be washed with a fluid that enters 
through another fluid channel (not shown). This may help to 
avoid the possibility of mistakenly illuminating and detecting 
the same droplet twice. With or without a wash step, coordi­
nated motions of valves as described above may allow an 
emulsion of sample-containing droplets to be continuously 
transferred in and out of any desired number of detection 
chambers. 
[0906] Batch fluorescence detection may be performed 
without actually stopping droplets within the detection cham­
bers of the system. For example, even if valves 4580, 4582 are 
not provided or are left open, droplets entering one of cham­
bers 4568, 4570 may slow sufficiently to allow batch detec­
tion, and the lateral width of the detection chambers may be 
chosen to facilitate this. Alternatively or in addition, various 
particle tracking algorithms may be used to track droplets as 
they move within the detection chambers. Furthermore, a 
batch detection system may be partially or completely fluidi­
cally decoupled from other portions of a molecular amplifi­
cation system. For example, a simple array of droplet-con­
taining wells or reservoirs (such as a plate array) may be 
placed in a fluorescence detection region and imaged as 
described above. 

F. Example 6 

Detection Methods 

[0907] This example describes a method of detecting fluo­
rescence from sample-containing droplets that have under­
gone PCR thermocycling; see FIG. 106. 
[0908] FIG. 106 is a flowchart depicting the steps of a 
fluorescence detection method, generally indicated at 4600, 
which may be performed in conjunction with a PCR system of 
DNA amplification according to the present disclosure. 
Although various steps of method 4600 are described below 
and depicted in FIG. 106, the steps need not necessarily all be 
performed, and in some cases may be performed in a different 
order than the order shown in FIG. 106. 
[0909] At step 4602, sample-containing droplets are sepa­
rated by a desired average distance. This may be accom­
plished, for example, by various flow focusing techniques 
such as those described above (i.e., by flow focusing the 
droplets as they are generated), and/or by generating droplets 
at a suitable rate. In cases of batch detection such as in a 
stop-flow system, it may be appropriate for droplets to remain 
closely spaced during fluorescence detection, and accord­
ingly a droplet separation step may not be performed. 
[0910] At step 4604, the sample-containing droplets are 
transferred into a radiation intersection region, within which 
they will be exposed to illuminating radiation chosen to 
stimulate emission of fluorescence radiation from one or 
more fluorescent probes within the droplets, with an intensity 
that depends in part on whether or not a quenching moiety has 
been cleaved from the probe due to polymerase binding of the 
associated nucleotide target primer. In the case of continuous 
flow detection, the intersection region may be disposed 
within a fluid channel such as a capillary tube. In the case of 
batch detection, the intersection region may be disposed 
within one or more detection chambers. In this case, transfer­
ring droplets into the intersection region may include steps 
such as opening and closing one or more valves to allow a 
continuous flow of droplets into and out of the intersection 
region. 
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[0911] At step 4606, the droplets in the radiation intersec­
tion region encounter and are irradiated with stimulating 
radiation, which includes at least one wavelength chosen to 
excite the fluorescent probe(s) known to be present in the 
reagents within the droplets. As described above, the illumi­
nating radiation may be produced by a laser, and LED, or any 
other suitable radiation source, and may be transferred to the 
intersection region through free space or through one or more 
optical fibers. Furthermore, the radiation may be focused, 
diverged, split, filtered, and/or otherwise processed before 
reaching the intersection region, to efficiently irradiate the 
droplets in the most suitable manner for a particular detector 
system configuration. 

[0912] At step 4608, radiation scattered from the droplets in 
the intersection region may be detected by a forward scatter­
ing detector. This step will typically not be performed in a 
batch detection system, where each droplet is approximately 
stationary or at least relatively slow moving in a detection 
chamber that serves as the radiation intersection region. How­
ever, detecting scattered radiation in a continuous flow detec­
tion system may help to correlate simultaneous or subsequent 
fluorescence detection with the presence of droplets in the 
intersection region, and may allow the volume and target 
molecule concentration of each droplet to be estimated, as 
described above. More generally, step 4608 may include per­
forming any measurement to enable an estimation of the 
volume of each droplet, such as the amount of radiation 
scattered from the droplet, the time of flight of the droplet as 
it passes through the intersection region, an electrical prop­
erty of the droplet, or a thermal property of the droplet. 
Method 4600 also may include estimating the volume of each 
droplet based on the measurement performed in step 4608. 

[0913] At step 4610, fluorescence emitted by droplets irra­
diated in the intersection region is detected by a fluorescence 
detector. As described in the preceding examples, the emitted 
radiation may be transferred to the fluorescence detector with 
or without passing through one or more intermediate optical 
elements such as lenses, apertures, filters, or the like. The 
emitted radiation also may or may not be transferred to the 
fluorescence detector through one or more optical fibers. In 
batch detection applications, the detector and/or the intersec­
tion region may be configured to move in a manner that allows 
an optical scan of the intersection region by a detector having 
a smaller field of view than the entire intersection region. 

[0914] At step 4612, detected fluorescence is analyzed to 
determine whether or not a particular target nucleotide 
sequence was present in the droplets. Additional information, 
including but not limited to an estimate of the number or 
fraction of droplets containing a target molecule, the average 
concentration of target molecules in the droplets, an error 
margin, and/or a statistical confidence level, also may be 
extracted from the collected data. 

[0915] Using the data collected from each droplet in an 
analysis may be conditional and may depend, for example, on 
whether the estimated volume of the droplet falls within a 
particular predetermined range. More specifically, if the esti­
mated volume of a droplet falls within a predetermined range, 
then the fluorescence intensity emitted by that droplet may be 
used in a determination of target molecule concentration in 
the sample, whereas if the estimated volume of the droplet 
falls outside the predetermined range, then the fluorescence 
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intensity emitted by the droplet may be excluded from a 
determination of target molecule concentration in the sample. 

G. Example 8 

Additional Embodiments 

[0916] This example describes additional aspects of sample 
detection, in accordance with aspects of the present disclo­
sure, presented without limitation as a series of numbered 
sentences. 
[0917] 1. A method of detecting target molecule concentra­
tion in a sample, comprising (A) generating sample-contain­
ing droplets with a droplet generator; (B) amplifying target 
molecules within the droplets; (C) transferring the droplets 
through an intersection region where the droplets encounter 
radiation from a radiation source; (D) estimating the volume 
of each droplet based on a measurement performed as the 
droplet passes through the intersection region; (E) detecting 
fluorescence intensity emitted by each droplet; and (F) for 
each droplet, if the estimated volume of the droplet falls 
within a predetermined range then using the fluorescence 
intensity emitted by the droplet in a determination of target 
molecule concentration in the sample, and if the estimated 
volume of the droplet falls outside the predetermined range 
then excluding the fluorescence intensity emitted by the drop­
let from a determination of target molecule concentration in 
the sample. 
[0918] 2. The method of paragraph 1, wherein the measure­
ment is an amount of radiation scattered from the droplet. 
[0919] 3. The method of paragraph 1, wherein the measure­
ment is time of passage of the droplet through a detector field 
of view. 
[0920] 4. The method of paragraph 1, wherein the measure­
ment is an electrical property of the droplet. 
[0921] 5. The method of paragraph 1, wherein the measure­
ment is a thermal property of the droplet. 
[0922] 6. The method of paragraph 1, further comprising 
separating the droplets by a desired average distance prior to 
transferring them through the intersection region. 
[ 0923] 7. A fluorescence detection method, comprising (A) 
generating sample-containing droplets; (B) separating the 
droplets by a desired average distance; (C) transferring the 
droplets to a radiation intersection region; (D) exposing the 
droplets to radiation configured to stimulate emission of fluo­
rescence radiation from a fluorescent probe within the drop­
lets; and (E) detecting fluorescence radiation emitted by the 
droplets. 
[0924] 8. The method of paragraph 7, wherein separating 
the droplets includes flow focusing the droplets as they are 
generated. 
[0925] 9. The method of paragraph 7, further comprising 
analyzing the detected fluorescence radiation to determine 
whether or not each droplet contains a target molecule. 
[0926] 10. A target molecule detection system, comprising 
(A) a droplet generator configured to generate sample-con­
taining droplets; (B) a molecular amplifier configured to rep­
licate target molecules within the droplets; (C) a radiation 
source configured to stimulate emission of fluorescence 
radiation from droplets containing target molecules; (D) a 
fluorescence detector configured to detect fluorescence radia­
tion emitted by the droplets; and (E) a first optical fiber 
configured to transmit stimulating radiation from the radia­
tion source to the droplets. 
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[0927] 11. The system of paragraph 10, wherein the first 
optical fiber has a long axis oriented substantially parallel to 
a droplet input fluid channel configured to transport the drop­
lets to an intersection region where the droplets encounter 
stimulating radiation transmitted by the first optical fiber. 
[0928] 12. The system of paragraph 10, wherein the first 
optical fiber has a long axis oriented substantially parallel to 
a side-facing region of a droplet input fluid channel config­
ured to transport the droplets to an intersection region where 
the droplets encounter stimulating radiation transmitted by 
the first optical fiber, and wherein the side-facing region is 
configured to allow substantially only one droplet at a time to 
travel parallel to the long axis of the first optical fiber. 
[0929] 13. The system of paragraph 11 or 12, wherein the 
first optical fiber is further configured to transmit fluores­
cence radiation from the droplets to the fluorescence detector. 
[0930] 14. The system of paragraph 10, further comprising 
a second optical fiber configured to transmit fluorescence 
radiation from the droplets to the fluorescence detector. 
[0931] 15. The system of paragraph 14, further comprising 
a scattering detector configured to detect radiation scattered 
from the droplets, and a third optical fiber configured to 
transmit the scattered radiation to the scattering detector. 
[0932] 16. The system of paragraph 10, further comprising 
(F) a droplet input fluid channel; and (G) a radiation input 
fluid channel; wherein the droplet input fluid channel is con­
figured to transport a fluid containing the droplets through an 
intersection region, the first optical fiber is configured to emit 
radiation from the radiation source directly into fluid within 
the radiation input fluid channel, the radiation input fluid 
channel is configured to transmit radiation from the first opti­
cal fiber to the intersection region, and the droplet input fluid 
channel is fluidically connected to the radiation input fluid 
channel. 
[0933] 17. A target molecule detection system, comprising 
(A) a droplet generator configured to generate sample-con­
taining droplets; (B) a molecular amplifier configured to rep­
licate target molecules within the droplets; (C) a fluid channel 
configured to transport the droplets through a radiation inter­
section region; (D) a plurality of radiation sources, each con­
figured to transmit fluorescence stimulating radiation to a 
different adjacent portion of the intersection region; and (E) at 
least one fluorescence detector configured to detect fluores­
cence radiation emitted by droplets disposed within the inter­
section region. 
[0934] 18. The system of paragraph 17, wherein the at least 
one fluorescence detector includes a plurality of fluorescence 
detectors, each configured to detect fluorescence radiation 
emitted by droplets within one of the different portions of the 
intersection region. 
[0935] 19. The system of paragraph 18, wherein each fluo­
rescence detector is configured to detect fluorescence radia­
tion at a different wavelength, each wavelength correspond­
ing to at least one variety of target molecule. 
[0936] 20. The system of paragraph 19, wherein each radia­
tion source is configured to transmit fluorescence stimulating 
radiation at a different wavelength. 
[0937] 21. A target molecule detection system, comprising 
(A) a droplet generator configured to generate an emulsion of 
sample-containing droplets; (B) a molecular amplifier con­
figured to replicate target molecules within the droplets; (C) a 
droplet input fluid channel configured to transfer the emul­
sion to at least one fluorescence detection chamber; (D) a 
radiation source configured to illuminate droplets within the 
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at least one detection chamber with stimulating radiation; and 
(E) a fluorescence detector configured to detect fluorescence 
radiation emitted by the illuminated droplets. 
[0938] 22. The system of paragraph 21, wherein the at least 
one detection chamber is configured to contain substantially 
only a monolayer of droplets. 
[0939] 23. The system of paragraph 21, wherein the at least 
one detection chamber includes two detection chambers and 
a valve mechanism configured to selectively direct droplets 
toward one of the two detection chambers. 
[0940] 24. The system of paragraph 23, wherein the valve 
mechanism is configured to allow a substantially continuous 
flow of emulsion to be transferred from the droplet input fluid 
channel to the fluorescence detection chambers. 

VII. Quantification/ Analysis 

[0941] This Section describes exemplary systems for ana­
lyzing reaction data and, optionally, for using results of the 
analysis to adjust system parameters to improve the quality of 
subsequent data, for example, for use with droplet-based 
assay systems. The systems are described, for convenience, in 
terms of fluorescence intensity data obtained in connection 
with PCR; however, the systems apply more generally to 
discrete data obtained in connection with any suitable reac­
tion. Additional pertinent disclosure may be found in the U.S. 
provisional patent applications listed above under Cross-Ref­
erences and incorporated herein by reference, particularly 
Ser. No. __ , filed Sep. 21, 2009, titled QUANTIFICA­
TION OF DROPLET-BASED ASSAYS, and naming Vincent 
Riot, Devin Dean Ness, Billy W. Colston, Jr., Benjamin J. 
Hindson, Douglas N. Modlin, and Anthony J. Makarewicz, 
Jr., as inventors. 
[0942] It may be desirable, once a sample-containing emul­
sion has been created, thermocycled by an enzymatic ampli­
fication system such as a PCR thermocycler, and passed 
through a detection system, to analyze the data gathered by 
the detection system to extract desired information about the 
sample. As described previously, the gathered data will typi­
cally include at least a fluorescence intensity level emitted by 
each detected droplet under excitation from a radiation 
source. The fluorescence intensity emitted by a given droplet 
typically will reflect the number of replicated target nucleic 
acid molecules in the droplet, and thus will be a measure of 
the target molecule concentration in the original, unamplified 
sample. Fluorescence intensity will be measured by one or 
more fluorescence detectors such as a photomultiplier tube or 
a photodiode or a digital camera. For example, the fluores­
cence signals from the detector may be digitized and a peak 
intensity determined as each droplet passes within the field of 
view of the detector. The peak intensity may be determined 
using a curve fitting technique such as a local parabolic fit or 
any other suitable method. 
[0943] Aside from fluorescence intensities, various other 
data may be gathered during the detection phase. For 
example, the time of passage of each droplet in front of either 
a fluorescence detector or a forward scatter detector may be 
measured. In conjunction with knowledge of the emulsion 
fluid velocity as it passes through the detection region, and the 
geometry of each droplet, this may allow an estimate of each 
droplet's volume. Droplet volume also can be estimated by 
measuring various one or more other properties of the drop­
lets, such as thermal or electrical conductivity, capacitance, 
and/or dielectric permittivity, among others. 
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[0944] In any event, it is expected that there will be data, at 
least including fluorescence intensity, available for each of a 
relatively large number of sample-containing droplets. This 
will generally include thousands, tens of thousands, hundreds 
of thousands of droplets, or more. Statistical tools generally 
may be applicable to analyzing this data. For example, statis­
tical techniques may be applied to determine, with a certain 
confidence level, whether or not any target molecules were 
present in the unamplified sample. This information may in 
some cases be extracted simply in the form of a digital ("yes 
or no") result, whereas in other cases, it also may be desirable 
to determine an estimate of the concentration of target mol­
ecules in the sample, i.e., the number of target molecules per 
unit volume. 
[0945] Because target molecule concentration depends not 
just on the number of target molecules within the emulsion 
but also on the volume of each droplet, determining the target 
concentration generally also involves either an explicit or an 
implicit determination of the volume distribution of the drop­
lets. In some cases, a droplet volume distribution may be 
determined by measuring parameters such as time of passage 
of the droplets in the field of view of a detector, or various 
thermal or electrical properties of each droplet, as noted 
above. In other cases, the droplet sizes may be assumed to 
have a certain uniform value, for instance based on knowl­
edge of the underlying characteristics of the droplet generator 
(s) used in the system. Knowledge of droplet volumes gener­
ally facilitates a determination of the concentration of target 
molecules per unit volume of sample-containing fluid. 
[0946] Using statistical methods, it is possible to estimate 
target molecule concentration even when the droplet volumes 
are unknown and no parameter is measured that allows a 
direct determination of droplet volume. More specifically, 
because the target molecules are assumed to be randomly 
distributed within the droplets, the probability of a particular 
droplet containing a certain number of target molecules may 
be modeled by a Poisson distribution function, with droplet 
concentration as one of the parameters of the function. 
[0947] If the droplets are assumed to have a known average 
size but an unknown size distribution, the detected fluores­
cence data, or a quantity calculated from that data, may be 
compared to the results predicted by various concentration 
values. The actual concentration value then may be estimated 
using an error minimization technique such as a least mean 
squares (LMS) fit. 
[0948] Even when the droplets are not assumed to be uni­
form in size, target concentration may be estimated in a simi­
lar manner. To accomplish this, a particular functional form, 
such as a Gaussian distribution with a particular mean and 
standard deviation, may be assumed for the probability dis­
tribution of droplet volumes. Anew Poisson-type distribution 
function for the probability of finding a given number of 
target molecules in a droplet then may be calculated, again 
assuming a random distribution of target molecules through­
out the sample. An estimate of the target concentration again 
may be obtained by comparing one or more quantities deter­
mined from the actual fluorescence data with the same quan­
tities predicted by various concentration values, and applying 
an error minimization technique as described previously. 
[0949] Statistical techniques also may be applied to 
improve the accuracy of the data analysis in various ways. For 
example, statistical analysis of fluorescence data may help to 
determine an appropriate choice of a threshold fluorescence 
level between negative and positive detection of a target mo!-
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ecule within a given droplet. Applying this detection thresh­
old to the data then may result in a more accurate determina­
tion of target concentration than simply choosing a threshold 
value a priori. Alternatively, the detection threshold may be 
left as a variable, and information may be extracted from the 
data across a range of different threshold values spanning a 
portion of ( or all of) the range of detected fluorescence inten­
sities. 

[0950] Furthermore, the confidence level of the detection 
threshold fluorescence level may be increased (or equiva­
lently, the confidence interval for a given confidence level 
may be narrowed) using various statistical resampling tech­
niques such as random sampling with replacement (known in 
the field of statistics as "bootstrapping") of subsets of the 
fluorescence data (known as "jackknifing" or "jackknife 
bootstrapping"). In either case, an improved confidence level 
in the detection threshold may be obtained by analyzing the 
variability of the threshold level across replacement data sets. 

[0951] Similarly, statistical methods may be used to pro­
vide other forms of feedback that can result in more efficient 
use of the amplification system and/or more accurate data 
analysis. For example, an initial determination of target mol­
ecule concentration in the unamplified sample-containing 
droplets may reveal that the concentration is either too high or 
too low to be optimal, and this information may be used to 
adjust various parameters of the system. More specifically, if 
the target concentration is too low (but nonzero), many drop­
lets may contain no target molecules at all, resulting in poor 
statistics and wasted resources in preparing and processing 
large numbers of "empty" droplets despite the fact that some 
target molecules are present in the sample. On the other hand, 
if the target concentration is too high, virtually all of the 
droplets will be saturated with target molecules after ampli­
fication, and it will not be possible to determine the target 
concentration of the original sample accurately because there 
will be no significant fluorescence variation among droplets. 
Either of these situations may result in an undesirably large 
confidence interval for the determination of target concentra­
tion. 

[0952] Several system parameters may be adjusted in 
response to a determination that the concentration of target 
molecules in the unamplified sample-containing droplets is 
not optimal for the existing parameters. For example, the 
sample-containing solution may be diluted or concentrated 
prior to droplet generation, to respectively decrease or 
increase target concentration. Similarly, the size range of the 
generated droplets may be increased to lower the probability 
of droplets becoming saturated with the target molecule after 
amplification, or decreased to increase the likelihood of find­
ing a target molecule (and the average number of target mol­
ecules) in each droplet. In addition, various characteristics of 
the amplification system, such as the thermocycling tempera­
tures and/or the number of thermocycles, may be increased in 
response to a determination that too little amplification is 
occurring, or decreased in response to a determination that 
too much amplification is occurring. 

[0953] FIG. 107 is a flowchart depicting a method, gener­
ally indicated at 4800, of determining target molecule con­
centration in a plurality of sample-containing droplets. As 
described below, method 4800 includes a feedback mecha­
nism that can be used to adjust one or more parameters of 
droplet generation in response to an undesirably low confi­
dence condition in the concentration value. 
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[0954] At step 4802, a confidence condition is chosen. This 
condition can include, for example, a desired confidence level 
and/or an associated confidence interval. 
[0955] At step 4804, sample-containing droplets are gen­
erated. Various methods and apparatus for generating such 
droplets are described elsewhere herein, for example, in Sec­
tions III and IV. 
[0956] At step 4806, target molecules within the droplets 
are amplified by PCR or some other enzymatic amplification 
technique. Methods and apparatus for amplifying target 
nucleotide sequences are described elsewhere herein, for 
example, in Section V. 
[0957] At step 4808, data such as fluorescence intensity, 
time of passage, one or more thermal properties, and/or one or 
more electrical properties, are collected from the droplets. 
Methods and apparatus for detecting properties of sample­
containing droplets are described elsewhere herein, for 
example, in Section VI. 
[0958] At step 4810, a measure of target molecule concen­
tration (i.e., the number of target molecules per unit volume) 
in the unamplified sample is estimated from the collected 
data. The estimated measure may include the fraction of 
droplets containing one or more target molecules, and/or an 
estimate of the actual concentration. 
[0959] At step 4812, a confidence condition for the measure 
estimated in step 4810 is determined. Typically, this will 
include a confidence level and/or an associated confidence 
interval, which can be compared to the desired confidence 
condition received at step 4802. 
[0960] At step 4814, the determined confidence condition 
is compared with the desired confidence condition, and at step 
4816, a determination is made as to whether the desired 
confidence condition has been attained. 
[0961] At step 4818, if the desired confidence condition 
was attained by the estimated measure of step 4810, then the 
measure is accepted. 
[0962] At step 4820, if the desired confidence condition 
was not attained by the estimated measure of step 4810, then 
a determination is made as to whether a suitable droplet 
generation parameter adjustment is available. Suitable adjust­
ments may include adjusting the number of droplets gener­
ated (i.e., generating more droplets), changing the sample 
chemistry, diluting or concentrating the sample prior to drop­
let generation, generating droplets of different sizes, adjust­
ing thermocycling temperatures, and/or adjusting the number 
ofthermocycles applied to the droplets, among others. 
[0963] At step 4822, if step 4820 determines that a suitable 
droplet generation parameter adjustment is available, then 
one or more droplet generation parameter adjustments is 
made, and the process returns to step 4804 to generate addi­
tional droplets using the adjusted parameter(s). The param­
eter adjustment may in some cases be simply to generate more 
droplets to improve statistical confidence, without changing 
any other parameter of the system. In other cases, a sufficient 
number of appropriate droplets already may have been cre­
ated, and the parameter adjustment may relate entirely to the 
thermocycler. In that case, step 4804 need not be performed 
again, but rather the method may proceed directly from step 
4822 back to step 4806. In any event, the method then pro­
ceeds cyclically as FIG. 107 depicts, until either the desired 
confidence condition is met or until no further parameter 
adjustments can be made. In some cases, it may not be pos­
sible to further adjust any droplet generation parameters even 
if the desired confidence condition has not been attained, for 
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example, because of chemical, physical, and/or technological 
limitations. In this case, i.e., if step 4820 determines that a 
suitable droplet generation parameter adjustment is not avail­
able, then the measure of step 4810 is again accepted at step 
4818, although it was not possible to meet the desired confi­
dence condition. 

[0964] Given a set of droplet fluorescence data, there are 
various techniques that can be used to estimate concentration 
measures and a confidence condition such as confidence level 
and confidence interval. The following examples describe 
several specific statistical techniques that may be applied to 
the data to extract useful information to a desired degree of 
accuracy under various circumstances. 

A. Example 1 

[0965] This example describes techniques for estimating 
the concentration per droplet ( average number of target mol­
ecules per droplet) with the use of some pre-determined cali­
bration or knowledge on the data set, nominally a character­
istic such as a fluorescence threshold that may be used to 
distinguish target-containing droplets from empty droplets, 
and the statistical characterization of the confidence of this 
determination. This example assumes that a collection of 
values representing the fluorescence intensity for each drop­
let is available. The techniques described in this example can 
be applied to peak fluorescence data (i.e., the maximum fluo­
rescence intensity emitted by a droplet containing a particular 
number of target molecules), but are not limited to this type of 
data. The described techniques may be generalized to any 
measurements that could be used to distinguish target-con­
taining droplets from empty droplets. 

[0966] IfC is the target concentration ofa sample (number 
of target molecules per unit volume), V d is the volume of a 
droplet ( assumed constant in this example), and A=CV dis the 
average number of copies per droplet, the probability that a 
given droplet will contain k target molecules is given by the 
Poisson distribution: 

,l'Exp(-A) 
P(k; A) = --k-! -

(1) 

If, for example, there is an average of 3 copies of target 
nucleic acid per droplet, Poisson's distribution would indicate 
that an expected 5.0% of droplets would have zero copies, 
14.9% would have one copy, 22.4% would have 2 copies, 
22.4% would have 3 copies, 16.8% would have 4 copies, and 
so on. It can be reasonably assumed that a droplet will react if 
there is one or more target nucleic acid molecules in the 
volume. In total, 95% of the droplets should be positive, with 
5% negative. Because the different numbers of initial copies 
per droplet can, in general, be distinguished after amplifica­
tion, a general description of the analysis taking this into 
account can provide improved accuracy in calculating con­
centration. 

[0967] FIG. 108 displays a sample data set where the num­
ber of detected droplets is plotted as a histogram versus a 
measure of fluorescence intensity. The data indicates a peak 
in droplet counts at an amplitude of just less than 300, and 
several peaks of different intensity positives from about 500 
to 700. The different intensity of the positives is the result of 
different initial concentrations of target molecules. The peak 
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at about 500 had one initial copy, the peak at about 600 had 
two initial copies, and so on until the peaks become indistin­
guishable. 
[0968] We can define an initial number of copies K after 
which there is no difference in detection probability. We can 
now define a variable, X, describing the probability that a 
given fluorescence measurement will be defined as a positive 
detection (X=l). As equation (2) below indicates, this is 
defined to be the sum of the probabilities of a droplet con­
taining any fluorescently distinguishable positive (first term 
right hand side) plus the fluorescently saturated positives 
(second term right hand side), plus the negatives that are 
incorrectly identified as positives (third term right hand side): 

Pmm,mm,n1(X = 1) = I Pd; P(k = i) + PdK P(k <CK)+ P10 P(k = 0) (2) 
lskK 

This can also be written in terms ofX by substituting equation 
(1) for the Poisson probabilities: 

Pmeasurement(X = l) = (3) 

The probability that a given measurement will be defined as a 
negative (X=0) can also be defined as: 

(4) 

[0969] The equations above are simplified for an apparatus 
where K=l, i.e., where one or more target copies per droplet 
fall within the same fluorescence peak or the separation 
between positive and negatives is so clear that Pfa can be 
neglected. In some cases, however, there may be significant 
overlap between fluorescence peaks of the negative droplets 
and the positive droplets, so that Pfa is not negligible. This 
example applies in either case. 
[0970] The mean of the variable Xis the sum of the product 
of the realizations and the probabilities: 

Mmm,mmmt = l(P(X = 1)) + O(P(X =OJ)= P(X = 1) 

or 

Mmeasurement = 

'\7 ,l;Exp(-A) { '\7 iExp(-A)} U pd;--,-, - + PdK 1 - U --,-! - + P10 Exp(-A) 

LkK Os:,i<K 

and its standard deviation is given by 

Emeasurement = 
Pmeasurement(X = 1)(1 - Mmeasurement)2 + 

Pmeasurement(X = O)M~easurement 

(5) 

(6) 

(7) 

Because the definition of X is such that a negative droplet 
corresponds to X=0 and a positive droplet corresponds to 
X=l, the mean ofX is also the fraction of positive droplets: 

N+ 
Mmeasurement = N 

(8) 
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Equation 6 and 7 can then be rewritten: 

N+ '\7 A;Exp(-A) 
N = L.., Pd;--;-, - + pdK 

(9) 

l::;i<K 

and 

(10) 

Because of their high degree of non-linearity, equations (9) 
and (10) cannot be readily used to find A without prior knowl­
edge of the probabilities P di and Pfa· A special case occurs 
when all droplets are detected (P di= l ), only one fluorescent 
state is distinguishable (K=l), and the positive and negative 
peaks are easily discernible so that the probability of a false 
detection is negligible (Pfa =O). In this case, equation (9) can 
be solved for A: 

(11) 

B. Example2 

[0971] This example describes extension of the previous 
example to situations where the simplifying assumptions 
P di=l, K=l, and Pfa =Oare not made. It allows processing the 
data without the use of some pre-determined calibration or 
knowledge on the data set. This example relies on a least mean 
squares (LMS) or similar fit of the data to the general theory 
as outlined by equation (9). We define Fas a function describ­
ing the difference between the theoretical ratio of droplets 
(see equation (9) above) and the measured equivalent: 

_ '\7 ,l;Exp(-A) 
F - U Pd; --i-! - + pdK 

(12) 

lskK 

This difference should be equal to zero if the proper prob­
abilities and A can be found. F is, in general, a function of the 
threshold value set to distinguish positives from negatives, 
and the distribution of fluorescence signals from a set of 
droplets with the same initial number of target copies, each of 
which under basic assumptions can be described by Gaussian 
distribution, although other distributions are possible and are 
conceptually simple extensions of the described method. 
More specifically, due to droplet size variation, PCR effi­
ciency, flow rate variability through the detector, electrical 
noise and other such random factors, for each number i of 
initial target molecules in equation (12), there will be a dis­
tribution of fluorescence values characterized by a mean 
value, Mi and standard deviation ai: 

1 ( {t-M;}
2
) P;(t) = --Exp - --2 -

CTj& 2cri 

(13) 
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The droplets detected as positive from these distributions 
would be dependent on the chosen threshold: 

1
00 

[ 1 ( {t-M;)
2

)] Pd;= --Exp---- d/t 
Threshold CTj & 2af 

(14) 

The function F then becomes: 

F(Thresholcl, A, M;, CT;) - (15) 

L{l
00 

[ 1 ( {t-M;}
2

)] }iExp(-A) --Exp---- d/t ---+ 
. Threshold <Tj & 2crf i ! 

l::;1<K 

{r [ 1 ( {t-MK)
2

)] } ---Exp---- d/t 
Threshold CTK& 2CTX' 

{ 
'\7 iExp(-A)} 1 - L..., --;-, - + 

0::;t<K 

{1
00 

[ 1 ( {t-M0)
2

)] } N+ --Exp---- d/t Exp(-A)- -
Threshold cro 6 2CT5 N 

[0972] Equation (15) is a general example that applies to a 
Gaussian distribution of droplet fluorescence including mul­
tiple states of detectable positives. A least mean squares fit of 
equation (15) to a particular data set may be found through 
iterative numerical methods, resulting in best fit estimates of 
A, Mi, and ai for all possible threshold settings. The same 
technique may be applied to any other well-defined distribu­
tion of target molecules. For example, the configuration may 
be assumed to follow a distribution that takes into account the 
number of PCR cycles and/or the PCR efficiency. 

[0973] FIG. 109 shows both the same fluorescence data 
shown in FIG. 108, again displayed as a histogram of the 
number of droplets detected versus a measure of fluorescence 
intensity, and the fluorescence distribution recreated numeri­
cally from equation (15) with several values ofK.As FIG.109 
indicates, the numerically determined function recreates the 
actual data well, indicating an accurate determination of A, 
Mi, and ai. To determine the numerically optimal fit order, the 
least mean square residual between the measured fluores­
cence data and the numerically recreated function may be 
calculated for each fit order, and the fit order corresponding to 
the lowest residual may be adopted. For example, FIG. 110 is 
a histogram showing the least mean square residual for fit 
orders two through seven obtained with equation (15), show­
ing that the numerical method becomes increasingly accurate 
at least up to seven fit orders. 

[0974] FIG. 111 is a flowchart depicting a method, gener­
ally indicated at 4900, for numerically estimating target mol­
ecule concentration in a sample based on aspects of this 
example. At step 4902, sample-containing droplets are gen­
erated. Various methods and apparatus for generating such 
droplets are described elsewhere herein, for example, in Sec­
tions III and IV. At step 4904, target molecules within the 
droplets are amplified by PCR or some other enzymatic 
amplification technique. Methods and apparatus for amplify­
ing target nucleotide sequences are described elsewhere 
herein, for example, in Sections V. At step 4906, data such as 
fluorescence intensity, time of passage, one or more thermal 
properties, and/or one or more electrical properties, are col­
lected from the droplets. Methods and apparatus for detecting 
properties of sample-containing droplets are described else­
where herein, for example, in Section V. 
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[0975] The remaining steps of method 4900 are generally 
computationally intensive, and accordingly are typically per­
formed with the aid of a digital processor programmed with 
suitable instructions. At step 4908, a measured fraction of 
droplets containing one or more target molecules is deter­
mined from the data collected at step 4906. As described 
above, this fraction will generally be a function of the thresh­
old fluorescence value chosen to distinguish a positive (tar­
get-containing) droplet from a negative droplet. At step 4910, 
a theoretical value of the fraction of droplets containing one 
or more target molecules is determined as a function of target 
molecule concentration in the original, unamplified sample. 
This theoretical value will, like the value determined from the 
data, generally also be a function of the chosen detection 
threshold. A suitable theoretical value is provided, for 
example, by the integral terms of equation (15) above. At step 
4912, the target concentration is estimated by minimizing a 
measure of the difference between the theoretical fraction 
determined in step 4910 and the fraction determined in step 
4908 from the collected data. More generally, this step may be 
performed by comparing the measured fraction to the theo­
retical fraction in some manner. 

C. Example3 

[0976] This example describes methods that may be used to 
estimate the confidence interval in an estimated value of 
target concentration that has been obtained, for example, 
using the methods of Examples 1 and 2 described above. The 
confidence interval cannot be directly estimated when a non­
linear least mean square is used (as in Example 2). The boot­
strap method, on the other hand, can provide some idea of the 
error of the estimation. The principle is based on estimating a 
plurality of values of target molecule concentration, where 
each value is estimated based on a subset of the collected 
fluorescence intensity values, and then determining a mean 
value and a standard deviation of the estimated concentration 
from the plurality of estimated concentration values. The 
subsets of the samples (here the droplet intensities) are cho­
sen randomly (Monte Carlo). The standard deviation and 
mean can then provide an estimated concentration as well as 
a confidence interval defined from the standard deviation (if 
the assumption is that the estimation follows a Gaussian 
distribution) or directly from the actual results. 
[0977] One particular type of bootstrap method, which is 
sometimes referred to as a form of the jackknife bootstrap 
method, uses data subsets each chosen to include the total 
number of data points minus 1. This maximizes the statistics 
available for the estimation while allowing up to the total 
number of point subsets. This works particularly well for a 
large data set. In the case of droplet-based detection, the 
number of measurements is expected to be on the order of 
thousands or more, so the jackknife bootstrap technique may 
be particularly appropriate. In the present application of the 
jackknife bootstrap, this means that each subset includes all 
but one of the collected fluorescence intensity values. 
[0978] The confidence interval obtained using the jack­
knife bootstrap method may be characterized by its depen­
dence on the following factors: 

[0979] the number of droplet intensities used in the 
analysis; 

[0980] the number of data subsets used (the upper limit is 
the total number of intensities); 

[0981] the number of threshold values used for the fit; 
and 

[0982] the fit order. 
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Numerical studies using sample droplet fluorescence data 
suggest the following conclusions regarding these factors: 

[0983] the more droplets, the smaller the confidence 
interval, with the confidence interval decreasing 
approximately as the inverse square root of the number 
of droplets; 

[0984] 100 jackknife data subsets is typically sufficient 
to find the smallest confidence interval for a given set of 
other parameters; 

[0985] using a number of different fluorescence thresh­
olds greater than or equal to approximately a factor of3 
times the number of unknowns ( which equals 2 times the 
fit order plus one) is typically sufficient to find the small­
est confidence interval for a given set of other param­
eters; and 

[0986] the fit order providing the lowest least mean 
square residuals should be used. 

D. Example4 

[0987] This example describes how the methods of the 
previous examples may be extended to situations in which 
droplet size is not uniform, but rather varies among the drop­
lets according to a Gaussian distribution function. The appli­
cation of equation (15) above relies on the assumption of a 
constant droplet volume to calculate the initial concentration, 
C, from the calculated value of Aand the assumed droplet 
volumeV: 

(16) 

If the droplet volume varies significantly, the same principles 
can be applied to solving for the concentration for a given 
droplet size distribution. Equation (2) can be restated as a 
function of volume: 

Pmeasurement(X = l, V) = 

P(V) I Pd; P(k = i, V) + PdK P(k <CK, V) + PjaP(k = 0, V) 
LkK 

(17) 

For a Gaussian distribution of droplet volumes with mean Mv 
and standard deviation av, equation (15) can be placed into 
the more general form: 

1
00

[ 1 ([V M,]2)] F(Thresholcl, A, M" CT" M;, CT;)= 

0 
CT,~ Exp 

2
cr; 

(CV/Exp(CV) 

il 
+ 

{r [ 1 ( {t - MK)
2 

)] } --Exp---- d/t 
Threshold erk~ 2aJ 

{r [ 1 ( {t -M0)
2

)] } .r,;-::-Exp ---2 - d/t Exp(-CV) 
Threshold CTo'V 2Jr 2cro 

d/V-

(18) 
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Equation (18) can be solved with the same basic principles of 
least mean squares as equation ( 15). A know ledge of the mean 
droplet volume by alternate measurements as described pre­
viously, as well as a knowledge of the standard deviation, will 
help the least mean square process to converge to a stable 
solution. However, the least mean square process can also be 
tried without that knowledge, in which case the mean and 
standard deviation of the droplet volume will be additional 
unknown variables. Additionally, theoretical studies have 
shown that a standard deviation ofless than 7% of the mean 
value has a negligible effect on the results. Therefore, exten­
sion of equation (15) to the more general case of equation (18) 
may not be needed for large required confidence intervals 
[0988] For the special case where all droplets are detected, 
Pd,= 1, only one fluorescence state is distinguishable, K = 1, 
and the positive and negative peaks are easily discernible so 
that the probability of a false detection is negligible, Pfa =O, 
equation (17) will give 

Mmea,uremen,~fo 
00P(V)(l-Exp(-CV))dV 

and the standard deviation becomes: 

fo00 

P(V)(l -Exp(-CV))(l - Mmm,)2d!V + 

Ioo P(V)Exp(-CV)(Mmm,)2d/V 

(19) 

(20) 

In general, for any known or measured droplet volume distri­
bution P(V), the mean and standard deviation can be calcu­
lated. 

E. Example 5 

[0989] This example describes various alternative methods 
of estimating droplet concentration, assuming uniform drop­
let volume and perfect detectability (i.e., all positive droplets 
detected, and no false detections). Under these assumptions, 
an analysis can be performed on the volume spacing between 
positives in the data. It is straightforward to derive the prob­
ability of detecting n negative droplets (i.e., droplets contain­
ing no target molecules) before detecting a positive. Applying 
the Poisson distribution of equation (1 ), the probability of a 
droplet containing no target molecules is: 

(21) 

Therefore, the probability ofn consecutive droplets contain­
ing no target molecules is: 

(22) 

Furthermore, the probability of a droplet containing one or 
more target molecules is: 

L1cc1K-oo P(k;),,)~1-Exp(-A)=N.IN (23) 

Thus, the theoretical probability distribution of detecting n 
consecutive droplets containing no target molecules before 
detecting a droplet containing at least one target molecule is: 

[P(n; '-)MP(O; '-)l"L1cc11cc00 P(k; '-Ml-e-'-)e-n'- (24) 

Accordingly, the target molecule concentration may be esti­
mated by comparing the measured probability distribution to 
this theoretical probability distribution. For example, taking 
the natural log of both sides, 

(25) 

Accordingly, a plot ofln[P(n; A)] versus n will be a line with 
slope -A, and y-intercept In[ 1-e-"-J, and P(n; A) as determined 
from the data may be used to generate different estimate of A. 
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[0990] Using equation (24), a related estimator for A, may 
be derived using a maximum likelihood analysis. Specifi­
cally, the value of A that maximizes the probability of a 
spacing of n droplets before detecting a positive droplet will 
correspond to the average spacing value. This value may be 
found by setting the derivative of P with respect to A equal to 
zero: 

0 = ap = -ne-n!.(l - e-1 ) + e-nA(e-1) 
8,l 

n = e-1 (1 +n) 

A= AMLE = ljl + _1_) 
'\ (n) 

(26) 

where <n> is the average value of the spacing calculated from 
the observed data, i.e., the average number of droplets con­
taining no target molecules before detecting a droplet con­
taining at least one target molecule. 

F. Example 6 

[0991] This example describes how the confidence interval 
for the fraction of positive detections can be determined ana­
lytically for the case K=l using the central limit theorem. 
Recall from above that the mean value of the positive detec­
tion ratio may be expressed as: 

Mmeasurement = 

'\7 ,l'Exp(-A) { '\7 A'Exp(-A)} U Pd; --i-! - + PdK 1 - U --i-! - + P1aExp(-A) 

LkK Os:,i<K 

and its standard deviation is given by 

Emeasurement = 
Pmeasurement(X = 1)(1 - Mmeasurement)2 + 

P measurement(½ = O)M~easurement 

(6) 

(7) 

where the positive detection ratio is measured by the ratio of 
positively detected droplets to the total number of measure­
ments: 

N+ 
Mmeasurement = N 

(8) 

The central limit theorem then states that the standard devia­
tion ofN measurements is given by Emeasuremen/v'N. There­
fore, with 95% confidence (2 standard deviations), we have: 

N + + 
2 

Emeasurement 

N - yN 
(27) 

'\7 A'exp(-A) ( '\7 A'exp(-A)) U Pd; --i!- + Pdk 1- U --i!- + P10 exp(-A) 

lskK Os:,i<K 

with 

(1 - NN+ )(NN+) Emeasurement = 
(28) 

For simple cases (here shown with K=l, P d,=P dk=l, and 
Pfa =O), A can be derived by inverting the previous equation 
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and the result with a confidence interval at 95% confidence (2 
standard deviations) can be expressed as: 

N+ Emeasurement L Aiexp(-A) --2---:;;l- ---:;; 
N ffe i! 

0.::;i<l 

(29) 

N + + 
2 

Emeasurement N + _ 
2 

Emeasurement ::;; l _ exp(-A) ::;; 

N '✓IV N '✓IV 

N + + 
2 

Emeasurement l _ N + _ 
2 

Emeasurement ::;; exp(-A) ::;; 

N '✓IV N '✓IV 

1 N + 2 Emeasurement ){) N + 2 Emeasurement) , --+ ---- --+ --- <,c< 
N '✓IV N '✓IV - -

G. Example7 

[0992] This example describes additional aspects of sys­
tems for analyzing data and improving data collection, in 
accordance with aspects of the present disclosure, presented 
without limitation as a series of numbered sentences. 
[0993] 1. A method of determining target molecule concen­
tration in a sample to a desired degree of confidence, com­
prising (A) generating sample-containing droplets with a 
droplet generator; (B) amplifying target molecules within the 
droplets; (C) collecting data from the droplets including at 
least values of fluorescence intensity emitted by a plurality of 
the droplets; (D) estimating target molecule concentration in 
the sample based on the collected data; (E) comparing a 
confidence condition for the estimated concentration with a 
desired confidence condition; and (F) if the desired confi­
dence condition has not been attained, then adjusting at least 
one droplet generation parameter. 
[0994] 2. The method of paragraph 1, wherein the droplet 
generation parameter is the number of droplets generated. 
[0995] 3. The method of paragraph 1, wherein the droplet 
generation parameter is sample chemistry. 
[0996] 4. The method of paragraph 1, wherein the droplet 
generation parameter is droplet concentration. 
[0997] 5. The method of paragraph 1, wherein the droplet 
generation parameter is droplet size. 
[0998] 6. The method of paragraph 1, wherein the droplet 
generation parameter is a thermocycling temperature. 
[0999] 7. The method of paragraph 1, wherein the droplet 
generation parameter is a number ofthermocycles. 
[1000] 8. The method of paragraph 1, wherein the droplet 
generator is a single-use droplet generator. 
[1001] 9. The method of paragraph 1, wherein collecting 
data includes measuring time of passage of each of the plu­
rality of droplets in a field of view of a detector. 
[1002] 10. The method of paragraph 1, wherein collecting 
data includes measuring an electrical property of each of the 
plurality of droplets sufficient to estimate a volume of each 
droplet. 
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[1003] 11. The method of paragraph 1, wherein collecting 
data includes measuring a thermal property of each of the 
plurality of droplets sufficient to estimate a volume of each 
droplet. 
[1004] 12. A method of determining target molecule con­
centration in a sample, comprising (A) generating sample­
containing droplets with a droplet generator; (B) amplifying 
target molecules within the droplets; (C) collecting data from 
the droplets including fluorescence intensity emitted by each 
of a plurality of the droplets; (D) determining from the col­
lected data a measured fraction of droplets containing at least 
one target molecule; (E) determining a theoretical fraction of 
droplets containing at least one target molecule, as a function 
of target molecule concentration; and (F) determining the 
concentration by comparing the measured fraction to the 
theoretical fraction. 
[1005] 13. The method of paragraph 12, wherein the theo­
retical fraction is determined by assuming that the target 
molecules are randomly distributed in the droplets. 
[1006] 14. The method of paragraph 12, wherein the theo­
retical fraction is determined by assuming that all droplets are 
detected, only one fluorescent state is distinguishable, and 
there are no false detections. 
[1007] 15. The method of paragraph 12, wherein the theo­
retical fraction is determined by assuming that the droplet 
fluorescence intensities follow a 
[1008] Gaussian distribution. 
[1009] 16. The method of paragraph 15, wherein compar­
ing the measured fraction to the theoretical fraction includes 
minimizing a measure of the difference between the theoreti­
cal fraction and the measured fraction. 
[1010] 17. The method of paragraph 15, wherein compar­
ing the measured fraction to the theoretical fraction includes 
applying a least mean squares fit of the theoretical fraction to 
the collected data. 
[1011] 18. The method of paragraph 12, wherein the mea­
sured fraction and the theoretical fraction are both functions 
of a detection threshold fluorescence value, and wherein 
determining the concentration includes comparing the mea­
sured fraction to the theoretical fraction for a plurality of 
detection threshold values. 
[1012] 19. The method of paragraph 12, wherein the theo­
retical fraction is determined by assuming that the droplets 
have a uniform volume. 
[1013] 20. The method of paragraph 12, wherein the theo­
retical fraction is determined by assuming that the droplets 
have a Gaussian distribution of volumes. 
[1014] 21. A method of determining target molecule con­
centration in a sample, comprising (A) generating sample­
containing droplets with a droplet generator; (B) amplifying 
target molecules within the droplets; (C) collecting data from 
the droplets including a value of fluorescence intensity emit­
ted by a plurality of the droplets; (D) estimating a plurality of 
values of target molecule concentration, wherein each value 
is estimated based on a subset of the collected fluorescence 
intensity values; and (E) determining a mean value and a 
standard deviation of the estimated concentration from the 
plurality of estimated concentration values. 
[1015] 22. The method of paragraph 21, wherein the sub­
sets are chosen randomly. 
[1016] 23. The method of paragraph 22, wherein each sub­
set includes all but one of the collected fluorescence intensity 
values. 
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[1017] 24. A method of determining target molecule con­
centration in a sample, comprising (A) generating sample­
containing droplets with a droplet generator; (B) amplifying 
target molecules within the droplets; (C) collecting data from 
the droplets including a value of fluorescence intensity emit­
ted by a plurality of the droplets; (D) determining from the 
collected data a measured probability distribution of detect­
ing a particular number of droplets containing no target mol­
ecules before detecting a droplet containing at least one target 
molecule; and (E) estimating target molecule concentration 
by comparing the measured probability distribution to a theo­
retical probability distribution. 

[1018] 25. Themethodofparagraph24, wherein determin­
ing the measured probability distribution includes determin­
ing the average number of droplets containing no target mol­
ecules before detecting a droplet containing at least one target 
molecule, and wherein estimating target molecule concentra­
tion includes estimating a maximum likelihood value of tar­
get molecule concentration. 
[1019] 26. A system for determining target molecule con­
centration in a sample, comprising (A) a droplet generator 
configured to generate sample-containing droplets; (B) a 
thermocycler configured to amplify target molecules within 
the droplets; (C) a fluorescence detector configured to collect 
values of fluorescence intensity emitted by a plurality of the 
droplets; and (D) a digital processor configured to estimate 
target molecule concentration in the sample based on the 
collected data, compare a confidence condition for the esti­
mated concentration with a desired confidence condition, and 
send a signal to adjust at least one parameter of the droplet 
generator or the thermocycler if the desired confidence con­
dition has not been attained. 

[1020] 27. A method of analyzing a sample for a nucleic 
acid target, comprising (A) removing a portion of a sample; 
(B) creating an assay mixture from the portion for amplifica­
tion of the nucleic acid target, if present; (C) generating a 
packet of droplets from the assay mixture, the packet having 
an at least substantially predetermined number of the drop­
lets; (D) subjecting the packet to conditions for nucleic acid 
amplification; (E) performing one or more measurements on 
each of a plurality of droplets of the packet; (F) using the one 
or more measurements to determine a number of the plurality 
of droplets in which amplification of the nucleic acid target 
occurred; and (G) estimating the total presence of molecules 
of the nucleic acid target in the sample based on the numberof 
droplets determined. 

[1021] 28. A method of analyzing a sample for a nucleic 
acid target, comprising (A) generating a first packet of drop­
lets from a sample, each droplet having a composition 
capable of amplification of the nucleic acid target, if present, 
in the droplet; (B) subjecting the first packet to conditions for 
nucleic acid amplification; (C) performing one or more mea­
surements on each of a plurality of droplets of the first packet; 
(D) using the one or more measurements to determine a first 
fraction of droplets in which amplification of the nucleic acid 
target occurred; (E) determining whether the first fraction 
satisfies a predefined confidence condition for estimating the 
total presence of target in the sample and, if not, repeating the 
steps of subjecting, performing, and using with a second 
packet of droplets having a different average droplet volume 
and/or a different concentration of the sample relative to the 
first packet, to determine a second fraction of droplets in 
which amplification of the nucleic acid target occurred; and 
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(F) estimating the total presence of the nucleic acid target in 
the sample based on the first fraction, the second fraction, or 
both. 

[1022] 29. A method for quantifying nucleic acid concen­
tration and/or confidence interval, comprising (A) providing 
a sample having a given starting volume, the sample to be 
analyzed for the presence of a target nucleic acid molecule, 
(B) removing a sub-sample of a predetermined volume from 
the sample; (C) creating an assay mix by performing the steps 
of any of combining the sub-sample with any of primers and 
or probes for replicating the target nucleic acid molecule, 
diluting the subsample, concentrating the sub-sample, and 
combinations thereof; (D) creating a droplet packet having a 
pre-determined number of droplets from the assay mix, the 
droplets having a droplet volume distribution; (E) subjecting 
the packets to conditions for nucleic acid replication; (F) 
performing one or more measurements on at least one droplet 
from the packets; ( G) using the one or more measurements to 
determine the number of droplets comprising replicated tar­
get nucleic acid molecules and optionally droplet volume if 
the volume distribution is unknown; and (H) using the num­
ber of droplets comprising replicated target nucleic acid mol­
ecules to estimate any of the number of target nucleic acid 
molecules in the sample volume and the confidence interval 
thereof and combinations thereof. 
[1023] 30. The method of paragraph 29, wherein droplet 
volume is measured using optical (e.g., scattering, fluores­
cence) or electrical ( e.g., conductivity, dielectric permittivity) 
methods. 

[1024] 31. The method of paragraphs 29 or 30, wherein 
nucleic assay replication is measured using optical (e.g., 
luminescence, fluorescence) or electrical ( e.g., conductivity, 
dielectric permittivity) methods. 

[1025] 32. A method for determining concentration by 
changing droplet volume, comprising (A) adjusting the 
sample partition volume and measuring the percentage of 
partitions that amplified at least until finding the responsive 
range at which point the concentration can be determined, (B) 
creating a predetermined number of droplets at first volume 
that has a concentration range spanning a responsive range, 
(C) subjecting the droplets to conditions that support ampli­
fication, (D) measuring a signal (physical property) to deter­
mine if amplification has occurred and if DNA was present in 
the droplets prior to amplification, (E) counting droplets and 
determining the percentage of droplets that amplified, (F) 
estimating the concentration range using the percentage drop­
lets amplified from Poisson curve or derivative thereof, and 
(G) if the estimated concentration is outside the optimal range 
then performing analysis using a second droplet volume. 

[1026] 33. A method of determining concentration by dilut­
ing or concentrating droplet solution, by analogy with para­
graph 32. 

VIII. Controls and Calibrations for Droplet-Based 
Assays 

[1027] This Section describes exemplary control and cali­
bration systems, including methods and apparatus, for 
example, for performing droplet-based assays, such as tests 
of nucleic acid amplification, that are controlled and/or cali­
brated using signals detected from droplets. Additional per­
tinent disclosure may be found in the U.S. provisional patent 
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applications listed above under Cross-References and incor­
porated herein by reference, particularly Ser. No. 61/275, 731, 
filed Sep. 1, 2009. 

A. Introduction 

[1028] Droplet-based tests for amplification generally need 
to be accurate. If inaccurate, these tests can generate errone­
ous results, that is, false negatives and false positives. Each 
type of erroneous result can have detrimental consequences. 
False negatives related to detection of a disease could mean 
that the disease is not treated early and is permitted to spread. 
In contrast, false positives could cause unnecessary alarm, 
potentially triggering an unnecessary response that may be 
costly and disruptive. To avoid problems associated with false 
negatives and false positives, inaccurate amplification tests 
must be repeated to improve their reliability, which increases 
cost and uses more sample and reagent, each of which may be 
precious. 
[1029] FIG. 112 shows a graph 5710 illustrating an exem­
plary approach for using fluorescence to measure amplifica­
tion of a nucleic acid target in droplets formed by partitioning 
a sample. The graph plots, with respect to time, fluorescence 
signals that may be detected from a flow stream containing 
the droplets. Each droplet may be detected as a transient 
change (e.g., a transient increase) in intensity of the fluores­
cence signal, such as a peak or spike 5712 (i.e., a wave) 
formed by the fluorescence signal. 
[1030] To improve clarity, the illustrative data shown here 
and in other figures ofthis Section are presented as serial data 
detected from a flow stream containing droplets. However, 
the methods disclosed in this Section also may be applied to 
droplet image data, which may be collected from a set of 
droplets in parallel (e.g., see Sections II and VI). Also, to 
improve clarity, the illustrative data are presented in a simpli­
fied form: each peak has no width and projects from a con­
stant background signal 5713 formed by detection of a con­
tinuous phase carrying the droplets. However, a signal peak 
may have any suitable shape based on, for example, the fre­
quency of detecting signals, the shape of each droplet, the size 
and geometry of a channel carrying the flow stream, the flow 
rate, and the like. Moreover, the signal peaks may have any 
suitable temporal distribution, for example, occurring at rela­
tively constant intervals, as shown here, or at varying inter­
vals. A droplet signal provided by and/or calculated from the 
peak (e.g., a signal corresponding to peak height or peak area, 
among others) may be used to determine whether amplifica­
tion occurred in the corresponding droplet, and thus whether 
the droplet received at least one molecule of the nucleic acid 
target when the sample was partitioned. 
[1031] Each droplet signal may be compared to a signal 
threshold 5714, also termed a cutoff. This comparison may 
provide a determination of whether each droplet signal rep­
resents a positive signal (target is present) or a negative signal 
(target is absent and/or not detected), for amplification in the 
droplet. For example, droplet signals greater than (and, 
optionally, equal to) the threshold may be considered as rep­
resenting positive droplets. Conversely, droplet signals less 
than (and, optionally, equal to) the threshold may be consid­
ered as representing negative droplets. (A positive droplet 
signal above threshold 5714 is indicated at 5716, and a nega­
tive droplet signal below threshold 5714 is indicated at 5718 
in FIG. 112.) Comparison to the threshold thus may transform 
each droplet signal to a digital value, such as a binary value 
(e.g., a "1" for a positive droplet and "0" for a negative 
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droplet). In any event, the fraction of droplets that are positive 
can be determined. For a given droplet size, the fraction of 
positive droplets can be used as an input to an algorithm based 
on Poisson statistics to determine the number of copies (mol­
ecules) of the nucleic acid target present in the initial sample 
volume. In some embodiments, more than one threshold may 
be used to categorize results ( e.g., negative, positive, or incon­
clusive; or no copies, one copy, two copies, three or more 
copies; etc.). 

[1032] FIG. 113 shows an exemplary histogram 5720 of 
ranges of droplet signal intensities that may be measured 
from the flow stream of FIG. 112. The relative frequency of 
occurrence of each range is indicated by bar height. The 
distribution of positive and negative signal intensities may be 
larger than the modest difference in signal intensity produced 
by amplification (a positive droplet) relative to no amplifica­
tion (a negative droplet). Thus, the distributions of droplet 
signals from positive droplets and negative droplets may pro­
duce a problematic overlap between the amplification-posi­
tive and amplification-negative droplet signals, indicated at 
5724. Accordingly, as shown in FIG. 112, some amplifica­
tion-positive droplets may provide relatively weak droplet 
signals, such as false-negative signal 5726, that are less than 
threshold 5714, resulting in incorrect identification of these 
positive droplets as negative. Conversely, some amplifica­
tion-negative droplets may provide relatively strong droplet 
signals, such as false-positive negative signal 5728, that are 
greater than threshold 5714, resulting in incorrect identifica­
tion of these negative droplets as positive. Since either type of 
erroneous result may be costly and harmful, it is desirable to 
minimize their occurrence. 

[1033] There are many factors that can lead to variation in 
signals detected from droplets. Examples of physical param­
eters that may affect the signals may include droplet position 
when detected ( e.g., relative to the "sensed volume" of the 
detector), droplet volume and shape, optical alignment of 
detection optics (including excitation source, filters, and 
detector), detector response, temperature, vibration, and flow 
rate, among others. Examples of reaction chemistry param­
eters that may affect the fluorescence signal include the num­
ber of target molecules and/or the amount of background 
nucleic acid present in each droplet, amplification efficiency, 
batch-to-batch variations in reagent concentrations, and volu­
metric variability in reagent and sample mixing, among oth­
ers. Variations in these physical and chemical parameters can 
increase the overlap in the distribution of positive and nega­
tive droplet signals, which can complicate data interpretation 
and affect test performance ( e.g., affect the limit of detection). 
The variations can occur within a run and/or between runs, 
within a test on a target and/or between tests on different 
targets, on the same instrument and/or different instruments, 
with the same operator and/or different operators, and so on. 

[1034] Thus, there is a need for improved accuracy and 
reliability in droplet-based assays. For example, it would be 
desirable to have droplet-based controls for these tests, 
optionally, droplet-based controls that can be incorporated 
into test droplets (for performing assays) or incorporated into 
control droplets (for controlling assays) that can be inter­
mixed with test droplets. Such integrated controls may have 
the benefit of reducing cost by processing control reactions in 
parallel with test reactions, which may speed the analysis. It 
also would be useful to have one or more controls that can be 
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used in system calibration (e.g., to verify hardware, reagent, 
and/or software (e.g., algorithm) performance, among oth­
ers). 

B. Definitions 

[1035] Technical terms used in this disclosure have the 
meanings that are commonly recognized by those skilled in 
the art. However, the following terms may have additional 
meanings, as described below. 
[1036] Signal----detectable and/or detected energy and/or 
information. Any of the signals detected, after detection, may 
be described as signals and/or data. For example, detected 
droplet signals may provide test signals and test data, control 
signals or control data, reference signals and reference data, 
calibration signals and calibration data, transformed signals 
and transformed data, or any combination thereof, among 
others. 
[1037] Transform-to change one or more values, and/or 
the number, of signals of a data set using one or more math­
ematical and/or logical operations. Transformation of a set of 
signals may produce a transformed set of the signals by 
changing values of one or more of the signals and/or by 
deleting/invalidating any suitable subset of the signals. Signal 
transformation may include reducing signal variation, delet­
ing/invalidating outlier signals, subtracting a baseline value 
from signals, reducing the frequency of outliers, reducing the 
overlap of distributions of positive and negative droplet sig­
nals, modifying signals according to a regression line, assign­
ing new values to signals based on comparing signal values to 
a threshold or range, or any combination thereof, among 
others. 
[1038] Run-an operating period during which a set of 
droplets, generally droplets ofabout the same size and includ­
ing partitions of a sample, are tested. 
[1039] Oligonucleotide-a nucleic acid ofless than about 
one-hundred nucleotides. 
[1040] Exogenous----originating externally. For example, a 
nucleic acid exogenous to a sample is external to the sample 
as originally isolated. As another example, a nucleic acid 
exogenous to an organism or cell is not native to the organism 
or cell, such as a nucleic acid introduced into the organism or 
cell by infection or transfection. 
[1041] Endogenous-originating internally, such as 
present in a sample as originally isolated or native to a cell or 
organism. 

C. Summary 

[1042] The present disclosure provides a system, including 
methods and apparatus, for performing droplet-based tests of 
nucleic acid amplification that are controlled and/or cali­
brated using signals detected from droplets. 
[1043] The present disclosure provides a method of sample 
analysis. Droplets may be obtained. The droplets may be 
generated on-line or at least a subset of the droplets may be 
pre-formed off-line. At least a subset or all of the droplets may 
include a partition ofa sample to be tested and may be capable 
of amplification of at least one test nucleic acid target, if 
present, in the partition. In some embodiments, the droplets 
may be capable of amplification of a test nucleic acid target 
and a control nucleic acid target. The droplets collectively or 
each may include a dye, or at least a first dye and a second dye. 
In some embodiments, the droplets may be of at least two 
types, such as two or more types of test droplets, test droplets 
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and calibration droplets, or test droplets and control droplets, 
among others. In some embodiments, the two or more types 
of droplets may be distinguishable based on distinct temporal 
positions of the droplet types in a flow stream ( or distinct 
times of exit from the flow stream, e.g., distinct times at which 
the droplets are collected in one or more detection chambers 
for imaging), the presence of respective distinct dyes in the 
droplet types, distinguishable signal intensities of the same 
dye ( or different dyes), or a combination thereof, among 
others. 

[1044] Signals, such as fluorescence signals, may be 
detected from the droplets. The signals may include test sig­
nals, calibration signals, control signals, reference signals, or 
any combination thereof. In some embodiments, test signals 
and control signals may indicate respectively whether ampli­
fication of a test nucleic acid target and a control nucleic acid 
target occurred in individual droplets. In some embodiments, 
detection may include (a) exciting first and second dyes with 
a same wavelength of excitation light and (b) detecting emit­
ted light from the first and second dyes at least substantially 
independently from one another in respective first and second 
detector channels. 

[1045] The signals detected may be analyzed to determine 
a test result related to a presence (number, concentration, 
etc.), if any, of a test nucleic acid target in the sample. In some 
embodiments, analysis may include transforming test signals 
based on reference signals to reduce variation in the test 
signals. The test signals and the reference signals may be 
detected in respective distinct detector channels or in the 
same detector channel. In some embodiments, the reference 
signals may be provided by a second dye that is not coupled 
to an amplification reaction and thus serves as a passive 
reference. In some embodiments, the reference signals may 
be provided by control signals detected from a control ampli­
fication reaction. The control amplification reaction may 
measure amplification of an exogenous or endogenous tem­
plate. In some embodiments, analysis may include (a) com­
paring test signals, or a transformed set of the test signals, to 
a signal threshold to assign individual droplets as positive or 
negative for a test nucleic acid target, and (b) estimating a 
number of molecules of the test nucleic acid target in the 
sample based on the comparison. In some embodiments, 
analysis may include (a) analyzing control signals to deter­
mine a control value corresponding to a number and/or frac­
tion of the droplets that are amplification-positive for a con­
trol nucleic acid target, and (b) interpreting a test result, such 
as determining its validity, based on the control value. 

[1046] The systems disclosed herein may offer improved 
instrument calibration and/or substantial improvements in the 
accuracy and/or reliability of droplet-based amplification 
tests. Exemplary capabilities offered by the present disclo­
sure may include any combination of (1) correcting/minimiz­
ing variations in the fluorescence signal to increase the accu­
racy of droplet PCR results; (2) providing an internal 
indicator of whether nucleic acid amplification failed ( e.g., 
PCR inhibition from interfering components in the sample, 
incorrect sample and reagent mixing, incorrect thermal 
cycling, incorrect droplet formation); (3) providing measure­
ment of droplet volumes without having to add additional 
hardware components; (4) providing measurement of 
changes in the baseline fluorescence signal (i.e., baseline 
drift); (5) providing calibration of a droplet detector before 
and/or during a run; (6) monitoring the performance of quan­
titative droplet PCR measurements and data processing alga-
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rithms before and/or during a run; (7) verification of droplet 
integrity ( e.g., absence of coalescence); (8) obtaining infor­
mation on droplet generation and detection frequency (spa­
tially and temporally) using an in-line detector; (9) measuring 
variations and comparing them to predefined tolerances; (10) 
processing of raw droplet PCR data to correct for variations 
and increase test accuracy and performance; (11) incorporat­
ing control assays preferably using a single excitation source; 
and/or (12) quantifying more than one species of genetic 
target by amplifying and detecting more than one species of 
genetic target in individual droplets. 

D. System Overview 

[1047] FIG. 114 shows an exemplary system 5740 for per­
forming droplet-based tests of with the aid of controls and/or 
calibrators. Other exemplary systems that may be suitable are 
described elsewhere herein, such as in Section II, among 
others. System 5740 may include any combination of a 
sample preparation station 5742, at least one droplet genera­
tor 5744, a heating station, such as a thermal cycler 5746, a 
detection station 5748, and a controller 5750 incorporating a 
data analyzer 5752 and a feedback and control portion 5754, 
among others. 
[1048] The system may provide at least one flow stream 
that carries at least one sample and reagents from one or more 
upstream positions and in a downstream direction to detection 
station 5748. Signals detected from the flow stream (or 
detected with stopped flow, such as by imaging), and particu­
larly droplet signals, may be communicated to data analyzer 
5752. The data analyzer may analyze the signals to determine 
one or more test results, control results, calibration results, a 
quality (e.g., validity, reliability, confidence interval, etc.) of 
any of the results, or a combination thereof. Any of the results 
may be communicated to feedback and control portion 5754, 
which may control and/or adjust control of any of sample 
preparation station 5742, droplet generator 5744, thermal 
cycler 5746, detection station 5748, and data analyzer 5752, 
based on the results determined. 
[1049] Preparation station 57 42 may contain and/or supply 
at least one sample 5756, at least one set oftest reagents 5758 
(also termed target reagents), one or more control reagents 
5760, one or more calibration reagents 5762, or any combi­
nation thereof. Any of the samples and/or reagents may be 
stored and/or supplied separately, may be stored and/or sup­
plied as one or more pre-formed mixtures, and/or may be 
mixed selectably before they are supplied to a downstream 
region of the system (e.g., droplet generator 5744, thermal 
cycler 5746, or detection station 5748). Furthermore, any of 
the samples and/or reagents may travel sequentially from 
sample preparation station 5742 to droplet generator 5744, 
thermal cycler 5746, and then detection station 5748 for 
detection of droplet signals. Alternatively, any of the samples 
and/or reagents may reach the detection station without travel 
through the droplet generator, as indicated at 5764, the ther­
mal cycler, or both, as indicated at 5766. Accordingly, any of 
the samples and/or reagents disclosed herein may be stored 
and/or supplied in pre-formed droplets. Droplets may, for 
example, be pre-formed off-line, either locally or remotely. 
Pre-formed droplets may be intermixed randomly with drop­
lets formed by droplet generator 57 44 before reaching detec­
tion station 5748, or distinct types of droplets may be detected 
as spatially and/or temporally separated packets of droplets. 
[1050] Test reagents 5758 may be any reagents used to test 
for amplification of one or more targets, such as one or more 
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primary targets, in partitions of a sample. Primary targets 
generally comprise any targets that are of primary interest in 
a test. Primary targets may be present at an unknown level in 
a sample, prior to performing tests on the sample. Test 
reagents 5758 generally include one or more sets of target 
reagents conferring specificity for amplification of one or 
more particular nucleic acid targets to be tested in a sample. 
Thus, the test reagents may include at least one pair ( or two or 
more pairs) of primers capable of priming amplification of at 
least one (or two or more) nucleic acid target(s). The test 
reagents also may comprise at least one reporter to facilitate 
detecting amplification of each test target, a polymerase ( e.g., 
a heat stable polymerase), dNTPs, and/or the like. The test 
reagents enable detection oftest signals from droplets. 
[1051] Control reagents 5760 are any reagents used to con­
trol for test signal variation (generally, variation other than 
that produced by differences in amplification) and/or to inter­
pret results obtained with the test reagents (such as a reliabil­
ity and/or validity of the results). The control reagents permit 
control signals and/or reference signals to be detected from 
droplets, either the same or different droplets from the test 
signals. Control reagents may be mixed with test reagents 
prior to droplet formation and/or control droplets containing 
control reagents may be produced separately from the test 
droplets and introduced independently of the sample. 
[1052] The control reagents may provide instrument con­
trols, that is, controls for variation introduced by the system 
(and/or its environment). Thus, instrument controls may con­
trol for variation in droplet volume, droplet detection effi­
ciency, detector drift, and the like. Reference signals may be 
detected from droplets containing control reagents that func­
tion as instrument controls. 
[1053] The control reagents also or alternatively may pro­
vide amplification controls, that is, controls that test for sec­
ondary/control amplification in droplets. The control 
reagents thus may include reagents used to test for amplifi­
cation of at least one secondary or control target in droplets. 
The secondary/control target may be of secondary interest in 
a test, and/or may be present at a known or expected level in 
the sample, among others. In any event, the control reagents 
may include one or more sets of target reagents conferring 
specificity for amplification of one or more control nucleic 
acid targets to be tested in droplets. The control reagents may 
include at least one pair ( or two or more pairs) of primers 
capable of priming amplification of at least one ( or two or 
more) control nucleic acid target(s ). The control reagents also 
may comprise at least one reporter to facilitate detecting 
amplification of each control target, a polymerase ( e.g., a heat 
stable polymerase), dNTPs, and/or the like, or any suitable 
combination of these control reagents may be supplied by the 
test reagents. Control signals may be detected from control 
reagents that function as amplification controls. 
[1054] Calibration reagents 5762 are any reagents used to 
calibrate system operation and response. Droplets containing 
a calibration reagent (i.e., calibration droplets) may be intro­
duced into a flow stream of the system, at any position 
upstream of the detection station, for the purpose of calibrat­
ing the system ( e.g., calibrating flow rates, excitation power, 
optical alignment, detector voltage, amplifier gain, droplet 
size, droplet spacing, etc.). Calibration droplets may be intro­
duced into a flow stream of the system before, during, and/or 
after introduction of test droplets into the flow stream. In 
some embodiments, the level of a dye within control droplets 
may be used to calibrate and/or validate detector response, 
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such as by using a pair of dye concentrations providing cali­
bration signals that bracket an intended measuring range and/ 
or that are disposed near upper and lower ends of the measur­
ing range. For example, droplets of known size and 
containing one or more known dye concentrations may be 
prepared off-line and introduced into the system, and/or may 
be generated by the system. In some embodiments, calibra­
tion droplets may comprise fluorescent particles such as 
quantum dots, polymer beads, etc. 
[1055] System 5740 may used to perform a method of 
analyzing one or more samples. The method may include any 
suitable combination of the steps disclosed herein, performed 
in any suitable order. 
[1056] Droplets may be obtained. The droplets may be of 
one type or two or more types. At least a subset, or all, of the 
droplets may be generated by the system or may be pre­
formed off-line. At least a subset of the droplets may include 
test reagents for testing amplification of a test nucleic acid 
target. At least a subset of the droplets may include control 
reagents and/or calibration reagents for testing amplification 
of a control nucleic acid target. The droplets may contain one 
or more dyes. 
[1057] The droplets may be introduced into a flow stream 
upstream of a detector. All of the droplets may be introduced 
into the flow stream at the same position or the droplets, 
particularly droplets of different types, may be introduced at 
two or more distinct positions. 
[1058] The droplets, in the flow stream, may be subjected to 
conditions that facilitate amplification. For example, the 
droplets may be heated and/or may be heated and cooled 
repeatedly (thermally cycled). 
[1059] Signals may be detected from the droplets. The sig­
nals may include test signals, control signals, reference sig­
nals, calibration signals, or any combination thereof. 
[1060] The signals may be analyzed. Analysis may include 
transforming test signals. Analysis also or alternatively may 
include comparing test signals and/or transformed test signals 
to a signal threshold to assign individual droplets as being 
positive or negative for amplification of a nucleic acid target. 
A number and/or fraction of target-positive droplets may be 
determined based on results of the comparison. Analysis fur­
ther may include estimating a presence of a nucleic acid target 
in the sample. The estimated presence may be no target in the 
sample. Estimation of the presence may (or may not) be 
performed using Poisson statistics. 

E. Exemplary Instrument Controls and Calibrations 

[1061] FIG. 115 shows selected aspects of system 5740 in 
an exemplary configuration 5780 for detecting amplification 
of a nucleic acid target using a first dye and for controlling for 
system variation during a test using a second dye. In FIG. 115 
and in other system configurations presented in succeeding 
figures of the present disclosure, the terms "droplet genera­
tor," "thermal cycler," and "detection station" are abbreviated 
"DG," "TC," and "DET." 
[1062] Sample preparation station 5742 may supply an 
amplification mixture to droplet generator 5744. The ampli­
fication mixture may incorporate a sample 5756, target 
reagents 5782 (i.e., test reagents 5758) including a first dye 
5784 (dye 1), and a second dye 5786 (dye 2). The second dye 
and the target reagents may be mixed with one another before 
introduction into system 5740 or may be mixed within the 
system. Target reagents 5782 may provide primers for ampli­
fication of a nucleic acid target, and the first dye may enable 
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detection of whether amplification occurred. The first and 
second dyes may be fluorescent dyes that are distinguishable 
optically. The second dye may be a passive reference or 
instrument control. In other words, the second dye may pro­
vide a detectable signal having an intensity that is at least 
substantially independent of the extent of amplification, if 
any, of any nucleic acid target. 
[1063] Droplet generator 5744 may form droplets of the 
amplification mixture. The droplets may travel through ther­
mal cycler 57 46, to promote amplification of the nucleic acid 
target, if any, in each droplet. The droplets then may travel to 
detection station 5748. Station 5748 may detect, for each 
droplet, a test signal from the first dye and a reference signal 
(also termed a control signal) from the second dye. 
[1064] FIG. 116 shows exemplary target reagents 5782 and 
a control reagent 5760 that may be included in system con­
figuration 5780 of FIG. 115. 
[1065] The target and control reagents may permit detec­
tion oftest signals in a first detector channel 5788 ("channel 
1") and detection of reference signals in a second detector 
channel 5790 ("channel 2"). The first and second channels 
may represent distinct wavelengths and/or at least substan­
tially nonoverlapping wavelength ranges. 
[1066] Target reagents may include a reporter, such as a 
probe 5792, and target-specific forward and reverse primers 
5794. Probe 5792 may be an energy transfer probe (e.g., a 
TAQMAN probe) including a nucleic acid, such as an oligo­
nucleotide 5796, that binds to amplified target, and an energy 
transfer pair connected to strand 5796. The energy transfer 
pair may, for example, be formed by first dye 5784 and a 
quencher 5798. 
[1067] Control reagent 5760 may include second dye 5786. 
The second dye may (or may not) be connected to a nucleic 
acid, such as an oligonucleotide 5800. Connection to the 
oligonucleotide may be covalent and/or through a binding 
interaction. Connection of the second dye to an oligonucle­
otide or other water-soluble molecule may improve retention 
of the second dye in the aqueous phase of a droplet and/or 
may facilitate distribution of the dye throughout the aqueous 
phase, among others. 
[1068] FIG. 117 shows a flowchart illustrating ofan exem­
plary approach to correcting for system variation using sys­
tem configuration 5780 (FIG. 115), and, optionally, the 
reagents illustrated in FIG. 116. Test signals (i.e., target sig­
nals) and reference signals may be detected from the same 
droplets. For example, test signals may be detected in a first 
channel and reference signals may be detected in a second 
channel. Graphs illustrating coincident detection oftest sig­
nals and reference signals are shown at 5810, 5812, respec­
tively. 
[1069] Test signal variation may introduce errors in data 
processing. For example, graph 5810 shows substantial varia­
tion in the intensity of the test signals detected. As a result, 
some of the test signals may be erroneously classified as 
positives or negatives. In the present illustration, two false 
positives are marked. However, variation of the test signals 
may be mirrored by variation of the reference signals detected 
from the same droplets. Accordingly, the test signals may be 
transformed based on the reference signals, indicated at 5814, 
to correct for variation in the test signals, as shown in a graph 
5816, which plots the transformed test signals. The test sig­
nals may be transformed by any suitable operation or set of 
operation involving the reference signals. For example, the 
test signals may be transformed through dividing test signals 
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by reference signals, such as dividing each test signal by its 
corresponding reference signal, which may be described as 
normalizing the test signals. Alternatively, the test signals 
may be transformed based on the reference signals by, for 
example, baseline subtraction, distance from the regression 
line, or the like. A transformation may compensate for varia­
tions in the test channel. This compensation or correction may 
make the test signals (i.e., negative test signals and/or positive 
test signals) more uniform in value and/or more Gaussian. 
The transformation also or alternatively may reduce the fre­
quency of outliers and/or the overlap of the distributions of 
positive and negative signals. 
[1070] FIG. 118 shows selected aspects of system 5740 in 
an exemplary configuration 5830 for (a) detecting amplifica­
tion of a nucleic acid target in a set of droplets and (b) system 
calibration and/or correction for system variation in another 
set of droplets. Configuration 5830 is similar to configuration 
5780 ofFIG. 115, except that target reagents 5782 and control 
reagent 5760 are not in the same droplets. Accordingly, the 
target reagents and the control reagent may be supplied to 
respective distinct droplet generators of the system, indicated 
at 5832, may be supplied to the sample droplet generator at 
different times, or the control reagent may be supplied in 
pre-formed droplets that do not pass through the droplet gen­
erator, indicated at 5834, 5836. Since the target reagents and 
the control reagent are not in the same droplets in this con­
figuration, the control reagent may include the same dye as 
the target reagent (i.e., first dye 5784) or may include a dis­
tinct dye (such as second dye 5786). 
[1071] FIG. 119 shows an exemplary graph 5850 of fluo­
rescence signals that may be detected over time from a flow 
stream of system configuration 5830 (FIG. 118) during sys­
tem calibration, indicated at 5852, and sample testing, indi­
cated at 5854. Calibration and sample testing may be per­
formed without or with mixing of calibration and test 
droplets. 
[1072] Calibration and sample testing may be performed 
serially, without mixing of droplet types, using the same dye 
(and/or detection of the same wavelength(s)). By keeping 
calibration and test droplets separate, the distributions of test 
and calibration signal intensities may overlap. For example, 
calibration droplets and test droplets may be separated tem­
porally in the flow stream, such that each type of droplet is 
identifiable based on its time of arrival at the detection station. 
The time of arrival may be calculated based on the relative 
time of introduction of each droplet type into the flow stream 
and the velocity of the flow stream. Thus, the calibration and 
test droplets may not (or may) be distinguishable based on 
signal intensity, but may be distinguishable temporally. In 
particular, the test and calibration droplets may be separated 
by a temporal (and spatial) gap 5856, which may identify a 
transition between droplet types. The use of temporal gaps 
also may permit introduction of a set of calibration droplets 
within a set oftest droplets (i.e., within a test run), with a gap 
preceding and following the set of calibration droplets, to 
provide identification of each transition to a different droplet 
type. Stated differently, calibration may be performed during 
sample testing, by inserting calibration droplets into a train of 
test droplets, such that the train of test droplets is divided into 
two or more discrete groups. 
[1073] Calibration droplets may include two or more types 
of droplet, which may be introduced separately or intermixed. 
For example, FIG. 119 shows a set of stronger calibration 
signals 5858 followed by a set of weaker calibration signals 
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5860 produced by distinct types of calibration droplets. 
Stronger and weaker calibration signals 5858, 5860 may cor­
respond generally in intensity to respective positive test sig­
nals 5862 and negative test signals 5864. In other embodi­
ments, only one type or three or more types of calibration 
droplet may be used, and may be configured respectively to 
provide one or three or more intensities of calibration signals. 
[107 4] Calibration and sample testing alternatively may be 
performed with calibration and test droplets randomly inter­
mixed and thus not distinguishable temporally. Intermixed 
calibration and test droplets may be distinguishable by incor­
porating distinguishable dyes into the respective droplet 
types and, optionally, by detection of the distinguishable dyes 
at respective distinct wavelengths. Alternatively, or in addi­
tion, calibration droplets and test droplets may be distinguish­
able according to signal intensity detected at the same wave­
length( s) and optionally from the same dye. In particular, 
calibration droplets may be designed to have one or more 
signal intensities outside the signal range oftest droplets (i.e., 
the signal range provided by the collective distribution of 
signal intensities from negative and positive test droplets 
( e.g., see FIG. 113)). Thus, calibration droplets may be iden­
tified based on their calibration signals having signal intensi­
ties above and/or below the signal range oftest droplets. 
[1075] FIG. 120 shows a flowchart 5880 of an exemplary 
approach to correcting for signal variation during an ampli­
fication test using system configuration5830 ofFIG. 118. The 
approach illustrated in FIG.120 distinguishes types of droplet 
signals, namely, test droplet signals 5882 and reference drop­
let signals 5884, based on differences in signal intensity 
detected in the same detector channel, as described above for 
calibration droplets. In particular, test droplets may produce a 
range 5886 of signal intensities, and reference signals 5884 
may have intensities below ( or above) the range. Accordingly, 
the distinct types of droplets may be interspersed randomly in 
the flow stream. 
[1076] The reference droplets may be formed with the same 
amount (or two or more discrete amounts) of dye. Accord­
ingly, without signal variation generated by the system, the 
reference droplets should produce reference signals of the 
same intensity. Variation in reference signal intensity may be 
mirrored by corresponding changes in the intensity of test 
signals. For example, in graph 5888, the intensity ofreference 
signals 5884 and negative test signals 5890 show a gradual 
increase with respect to time. As a result, test signals from 
amplification-negative droplets may produce false positives 
5892. 
[1077] Variation in test signals 5882 may be reduced by 
transforming the test signals, indicated at 5894, based on 
reference signals 5884, to produce normalized test signals 
5896 presented in graph 5898. Transformation may, for 
example, be performed by transforming each test signal based 
on one or more reference signals temporally proximate to the 
test signal, a weighted average of reference signals tempo­
rally proximate to the test signal, a sliding window of aver­
aged reference signals that overlaps the test signal, or the like. 
Transformation before comparing test signals to a threshold 
may reduce the incidence of false positives, as shown here, 
the incidence of false negatives, or both. 

F. Exemplary Amplification Controls 

[1078] FIG. 121 show selected aspects of system 5740 of 
FIG.114, with the system in an exemplary configuration5910 
for testing amplification of at least a pair of nucleic acid 
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targets in the same droplets. System configuration 5910 may 
form an amplification mixture, which is supplied to droplet 
generator 57 44. The amplification mixture may incorporate a 
sample 5756, test amplification reagents 5858, control ampli­
fication reagents 5912, and at least one control template 5914. 
Any combination of the sample, test reagents, control 
reagents, and control template may be mixed with one other 
before introduction into system 57 40, or may be mixed within 
the system. Test reagents 5758 and control reagents 5912 may 
provide primers for respective amplification of at least one 
test target and at least one control target. Amplification of the 
test and control targets may, for example, be detected via a 
first dye and a second dye, respectively, which may be 
included in respective first and second reporters ( e.g., first and 
second probes). Signals from the first and second dyes may be 
detected in distinct (e.g., at least substantially nonoverlap­
ping) first and second channels (i.e., a test channel and a 
control channel) as test signals and control signals, respec­
tively. 

[1079] Control template 5914 may comprise exogenous 
molecules of the control target. In contrast, the sample may be 
tested for a presence of endogenous molecules of the test 
target. The control template 5914 may be present in any 
suitable amount to provide any suitable average number of 
control template molecules per droplet, to generate a desired 
fraction of droplets positive for the control template. For 
example, the number of template molecules provided by tem­
plate 5914 may be substantially less than an average of one 
per droplet, such as anaverageofabout0.1, 0.05, 0.02, or0.01 
molecule per droplet. Accordingly, the number/concentration 
of control template molecules may be selected such that the 
frequency of amplification of both test and control targets in 
the same droplet is low, which may minimize competition 
that may be caused by amplification of both test and control 
targets. For example, the control template may be present in 
no more than about one in five droplets. 
[1080] The frequency of amplification of the control target 
may be determined by performing an analysis with the sys­
tem. In some embodiments, this frequency may be compared 
with one or more previously determined frequencies of 
amplification for the control target and/or may be compared 
with an expected value for the frequency provided by a manu­
facturer. In any event, a control value may be determined, 
with the control value corresponding to a number and/or 
fraction of the droplets that are amplification-positive for the 
control nucleic acid target. 

[1081] Control signals acquired in the control channel may 
be used to measure and/or verify the quantitative accuracy of 
a run and/ or the measurement precision of the system during 
two or more runs. The control signals also or alternatively 
may be used to interpret a test result, such as the quality of test 
data measured from a sample, for example, to verify the 
quantitative accuracy of the test data and/or to determine the 
validity and/or reliability of the test data. The test result may 
be interpreted based on control value determined. For 
example, the test result may be determined as being invalid if 
the control value is less than a threshold value. Furthermore, 
data acquired from the control channel, such as signals from 
amplification-negative control droplets, may provide refer­
ence signals, as described above in relation to FIG. 117. In 
other words, test signals may be transformed using control 
signals that functions as reference signals, to normalize the 
test signals. 
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[1082] FIG. 122 shows selected aspects of system 5740 of 
FIG. 114, with the system in another exemplary configuration 
5920 for testing amplification of at least a pair of nucleic acid 
targets in the same droplets. System configuration 5920 dif­
fers from configuration 5910 of FIG. 121 by including a 
different set of control amplification reagents 5922 ( or a 
second set of test amplification reagents) and by the absence 
of an exogenous control template. Control reagents 5922 may 
amplify a control target that is known or expected to be 
present in sample 5756, and/or that has a known or expected 
representation with respect to a bulk nucleic acid population 
present in the sample (e.g., total DNA, total genomic DNA, 
genomic DNA from a particular species of organism, total 
RNA, total mRNA, etc.). In contrast, target reagents 5758 
may amplify a test target that has an unknown presence in the 
sample and/or an unknown presence in with respect to the 
bulk nucleic acid population. In any event, amplification of 
the control target may be used to determine the quality of test 
data measured from a sample, such as to verify the quantita­
tive accuracy of the test data and/or to determine the reliabil­
ity of the test data. Furthermore, an amount of control target 
determined to be present in the sample may provide a stan­
dard against which an amount oftest target determined to be 
present in the sample can be compared and/or normalized. In 
some embodiments, a control target is selected that is rare in 
the sample, such as a target representing a particular gene 
mutation. By selecting a rare control target, amplification of 
the control target can indicate the limit of detection of a test 
target and/or whether amplification of a low-abundance test 
target can occur. In some embodiments, the control target 
may be replaced by a second test target with an unknown 
presence in the sample (before testing). 

[1083] FIG. 123 shows exemplary test target reagents 5758 
and control target reagents 5912 (or 5922) that may be 
included in system configuration 5910 ( or 5920) of FIG. 121 
(or 122), to permit detection of amplification signals in a 
different detector channel (i.e., channels 1 and 2, respec­
tively) for each nucleic acid target. Test target reagents for 
channel 1 are described above in relation to FIG.116. Control 
target reagents 5912 (or 5922) may be similar in general 
structure to the test target reagents, but different with respect 
to the nucleic acid sequences of the primers and probes, to 
provide test target and control target specificity, respectively. 
Also, the test and control probes may include distinct dyes 
5784, 5786 and/or distinct energy transfer partners 5798, 
5930 (e.g., distinct quenchers suitable for the respective 
dyes). In other embodiments, at least one of the pro bes may be 
replaced by a reporter including an intercalating dye, such as 
SYBRGreen. 

[1084] FIGS. 124 and 125 show representative portions of 
exemplary data that may be obtained using system configu­
ration 5910 or 5920 and the reagents of FIG. 123. The figures 
show exemplary graphs 5940-5946 of fluorescence signals 
that may be detected over time from a flow stream of the 
system using different detector channels, namely, a test chan­
nel (channel 1) that detects test data and a control channel 
( channel 2) that detects control data. In FIG. 124, graph 5940 
of the test data contains no positive droplet signals. In con­
trast, graph 5942 of the control data identifies positive droplet 
signals, such as a positive signal 5948, at a frequency of about 
one in ten. Thus, the control data demonstrates that amplifi­
cation in the droplets is not inhibited substantially and sug­
gests that the lack of positive signals from the test data is due 
to an absence or undetectable level of the test target in the 
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sample. Accordingly, the control data supports and helps to 
validate the negative result in the test data. In contrast, control 
graph 5946 of FIG. 125 shows no amplification of the control 
target (a substantially larger data set may be analyzed to 
demonstrate that the control result holds). The control data of 
graph 5946 thus indicates that amplification of the test target 
also is inhibited ( or the sample is defective, such as too dilute 
(configuration 5920)), and that the negative test result is not 
valid. 
[1085] FIG. 126 shows selected aspects of system of FIG. 
114, with the system in an exemplary configuration 5960 for 
testing amplification of a pair of nucleic acid targets in respec­
tive different (i.e., nonoverlapping) sets of droplets. Configu­
ration 5960 may be similar to that of configuration 5910, 
except that control reagents 5912 and control template 5914 
are not mixed with sample 5756 and test target reagents 5758. 
Instead, droplets containing the control reagents and the con­
trol template may be formed separately in the system, indi­
cated at 5962, or may be supplied as pre-formed droplets that 
are introduced into the flow stream downstream of droplet 
generator 5744, indicated at 5964. 
[1086] FIG. 127 shows a pair of exemplary graphs 5980, 
5982 of fluorescence signals that may be detected over time 
from a flow stream of system configuration 5960 of FIG. 126 
using different detector channels. Graph 5980 plots fluores­
cence signals detected from a first channel, which detects 
amplification, if any, of a test target. Graph 5982 plots fluo­
rescence signals detected from a second channel, which 
detects amplification, if any, of a control target. Successful 
amplification of the control target, as shown here, may, for 
example, verify and/or measure aspects of the system, such as 
operation of the thermal cycler and/or the detection station, 
the quality of the reagents, fraction of amplification-positive 
droplets, or any combination thereof, among others. 
[1087] In configuration 5960, the test and control reagents 
are disposed separately in distinct droplets, so droplet signals 
in the first and second channels are not coincident, that is, they 
are not detected at the same time. In other embodiments, the 
control target may, instead, be a second test target and the 
control template may, instead, be another sample ( or the same 
sample). Thus, the use of at least two detector channels per­
mits droplets for distinct amplification tests to be interspersed 
in the flow stream. 

G. Exemplary Multi-Channel Detection 

[1088] FIG. 128 shows a pair of graphs 5990, 5992 illus­
trating exemplary absorption and emission spectra of fluores­
cent dyes that may be used in the system of FIG. 114. The 
dyes are arbitrarily labeled dye 1 and dye 2, respectively. 
However, either dye may be used to detect test signals or 
control signals in the various system configurations disclosed 
herein. Moreover, while illustrated here for two distinguish­
able dyes, the system may be used for detection and analysis 
with three, four, or more distinguishable dyes. 
[1089] Each graph plots the intensity of absorption ("AB"), 
indicated at 5994, 5996, and emission ("EM"), indicated at 
5998, 6000, for the corresponding dye. The dyes may have 
substantially overlapping absorption spectra, such that the 
same wavelength oflight may be utilized to excite both dyes. 
In contrast, the dyes may exhibit Stokes shifts (i.e., the dif­
ference (in wavelength or frequency units) between the 
maxima of the absorption and emission spectra) of different 
magnitudes. For example, dye 1 may exhibit a smaller Stokes 
shift and dye 2 a larger Stokes shift, or vice versa. Accord-
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ingly, the emission spectra of the dyes may be substantially 
shifted with respect to one another. As a result, emission from 
the two dyes may be detected at least substantially indepen­
dently of one another in different detector channels, such as a 
detector channel that detects light of a first wavelength or 
wavelength range ( e.g., Al) and another detector channel that 
detects light of a second wavelength or wavelength range 
(e.g., A2). 
[1090] FIG. 129 is a schematic diagram illustrating exem­
plary use of the fluorescent dyes of FIG. 128 in an exemplary 
embodiment 6010 of system 5740 ofFIG.114. Droplets 6012 
containing dyes 1 and 2, either in the same droplets or differ­
ent sets of droplets, may be carried in a flow stream 6014 in a 
channel 6016. Flow stream 6014 may pass through a detec­
tion area 6018 established by an embodiment 6020 of detec­
tion station 5748. 
[1091] Detection station 6020 may include a light source 
6022 for exciting the fluorescent dyes in the droplets and at 
least one detector 6024 for detecting light emitted from the 
droplets. Light source 6022 may, for example, include an 
LED or laser that emits at least substantially a single wave­
length of excitation light. Alternatively, or in addition, the 
light source may include at least one excitation optical filter 
that excludes other wavelengths of light emanating from the 
light source. Detector 6024 may be equipped with detection 
optics 6026, 6028 (e.g., beamsplitters, emission optical fil­
ters, separate detectors) that permit emitted light from the 
dyes to be detected separately. 
[1092] Exemplary fluorescent dyes that may detected using 
system 6010 include a fluorescein derivative, such as car­
boxyfluorescein (FAM), and a PULSAR 650 dye ( a derivative 
ofRu(bpy)3). FAM has a relatively small Stokes shift, while 
Pulsar® 650 dye has a very large Stokes shift. Both FAM and 
PULSAR 650 dye may be excited with light of approximately 
460-480 nm. FAM emits light with a maximum of about 520 
nm ( and not substantially at 650 nm), while PULSAR 650 dye 
emits light with a maximum of about 650 nm (and not sub­
stantially at 520 nm). Carboxyfluorescein may be paired in a 
probe with, for example, BLACK HOLE Quencher™ 1 dye, 
and PULSAR 650 dye may be paired in a probe with, for 
example, BLACK HOLE Quencher™ 2 dye. 

H. Exemplary Self-Normalization of Droplet Signals 

[1093] Test signals may be normalized using methods dif­
ferent from those described above in relation to FIGS. 117 
and 120. In particular, the methods illustrated in FIGS. 117 
and 120 involve transformation of test data with reference 
data detected (a) in a different detector channel (FIG. 117) or 
detected (b) in different droplets (FIG. 120). This subsection 
describes methods that transform test data using aspects of 
itself rather than another data set. 
[1094] FIG. 130 shows a flowchart 6040 illustrating an 
exemplary method of correcting for system fluctuations dur­
ing a test. The method involves processing a set of droplet test 
signals, shown in a first graph 6042, to produce a transformed 
set of test signals, shown in a second graph 6044. Negative 
test signals 6046 and positive test signals 6048 each should 
have respective constant values over time ifthere is no system 
variation. However, system variation, such as the negative 
drift over time illustrated in graph 6042, may produce false 
negatives, such as a false negative signal 6050, and/or false 
positives. Transformation of the test signals may be per­
formed to correct for system variation before the test signals 
are used to estimate a presence of a test target in sample being 
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tested. In particular, individual test signals may be trans­
formed differently using the test data, accordingly to the 
temporal position of each test signal. For example, each test 
signal may be transformed using temporally proximate test 
data, such as normalization of each test signal with respect to 
a sliding window that averages a subset of the test signals 
including or adjacent the test signal. The subset of the test 
signals used may be provisionally negative, positive, or nega­
tive plus positive test signals, any of which may be re-as­
signed as negative/positive after transformation. For 
example, graph 6044 shows re-assignment of false negative 
signal 6050 as positive after transformation. 
[1095] FIG. 131 shows a flowchart 6060 illustrating an 
exemplary method of transforming droplet signals based on 
the width of respective signal peaks providing the droplet 
signals. The flowchart involves graphs 6062, 6064, which 
represent test data before and after transformation, respec­
tively. 
[1096] Graph 6062 presents test data in which the width 
and height of each droplet peak is shown. (Here, each droplet 
peak is presented as a square wave to simplify the presenta­
tion. However, in other embodiments, each droplet peak may 
be detected as having any suitable shape, such as a wave with 
sloped leading and trailing sides.) The width of a droplet 
fluorescence peak may be used to determine the size and 
volume of each droplet, if droplet signals are detected in a 
flow stream with known flow rate, generally within a channel 
of fixed geometry. Knowing the volume of sample that is 
tested for amplification in droplets may be required for accu­
rately determining the concentration/number of target mol­
ecules in the sample. If droplets of uniform size are desired, 
peak width may be used to identify droplets of sizes that are 
outside the desired range. For example, in FIG. 131, peaks 
6066, 6068 having widths outside a predefined range are 
excluded from the data set. The droplet signals also may be 
transformed based on width, to provide transformed test data 
(i.e., graph 6064), that has been corrected for volume varia­
tion and/or variation in peak width. 

I. Selected Embodiments 

[1097] This subsection describes additional aspects of 
methods of using controls and calibrations for droplet-based 
amplification tests, in accordance with aspects of the present 
disclosure, presented without limitation as a series of num­
bered sentences. 
[1098] 1. A method of sample analysis, comprising: (A) 
generating droplets, each droplet including first and second 
dyes and a partition of a sample and being capable of ampli­
fication of a test nucleic acid target, if present, in the partition; 
(B) detecting respective test signals and control signals from 
the first and second dyes in the droplets, the test signals and 
the control signals respectively indicating whether amplifica­
tion of the test nucleic acid target and a control nucleic acid 
target occurred in individual droplets; (C) analyzing the test 
signals to determine a test result related to a presence, if any, 
of the test nucleic acid target in the sample; (D) analyzing the 
control signals to determine a control value corresponding to 
a number and/or fraction of the droplets that are amplifica­
tion-positive for the control nucleic acid target; and (E) inter­
preting the test result based on the control value. 
[1099] 2. The method of paragraph 1, wherein the step of 
generating droplets includes a step of forming droplets that 
contain primers conferring specificity for amplification of the 
control nucleic acid target. 
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[1100] 3. The method of paragraph 2, wherein the step of 
forming droplets includes a step of forming one or more 
droplets that contain a control template corresponding to the 
control nucleic acid target, and wherein the control template 
is exogenous to the sample. 
[1101] 4. The method of paragraph 2, wherein the step of 
forming droplets includes a step of forming one or more 
droplets that contain a control template corresponding to the 
control nucleic acid target, and wherein the control template 
is endogenous to the sample. 
[1102] 5. The method of paragraph 1, wherein the step of 
detecting includes a step of exciting the first and second dyes 
with a same wavelength of excitation light and a step of 
detecting emitted light from the first and second dyes in 
respective first and second detector channels. 
[1103] 6. The method of paragraph 1, further comprising a 
step of transforming the test signals based on the control 
signals to reduce variation of the test signals. 
[1104] 7. The method of paragraph 6, wherein the step of 
transforming the test signals includes a step of transforming 
two or more test signals individually with corresponding con­
trol signals each detected from a respective same droplet as 
each of the two or more test signals. 
[1105] 8. The method of paragraph 7, wherein the step of 
transforming two or more test signals includes a step of divid­
ing each test signal by its corresponding control signal. 
[1106] 9. The method of paragraph 1, wherein no more than 
about one in five droplets contain the control template. 
[1107] 10. The method of paragraph 1, wherein the step of 
analyzing the test signals includes a step of comparing the test 
signals, or a transformed set of the test signals, to a signal 
threshold to assign individual droplets as positive or negative 
for amplification of the test nucleic acid target, and a step of 
estimating a number of molecules of the test nucleic acid 
target in the sample based on results of the step of comparing. 
[1108] 11. The method of paragraph 1, wherein the step of 
interpreting the test result includes a step of determining a 
quality of the test result. 
[1109] 12. The method of paragraph 11, wherein the step of 
determining a quality includes a step of determining the test 
result as being invalid if the control value is less than a 
threshold value. 
[1110] 13. A method of sample analysis, comprising: (A) 
generating droplets, each droplet including first and second 
dyes and a partition of a sample and being capable of ampli­
fication of a test nucleic acid target, if present, in the partition; 
(B) detecting respective test signals and reference signals 
from the first and second dyes in the droplets, the test signals 
indicating whether amplification of the test nucleic acid target 
occurred in individual droplets; (C) transforming the test 
signals based on the reference signals to reduce variation of 
the test signals and to produce a set of transformed test sig­
nals; and (D) analyzing the transformed test signals to deter­
mine a test result related to a presence, if any, of the test 
nucleic acid target in the sample. 
[1111] 14. The method of paragraph 13, wherein the step of 
transforming the test signals includes a step of transforming 
two or more test signals individually with corresponding ref­
erence signals each detected from a respective same droplet 
as each of the two or more test signals. 
[1112] 15. The method of paragraph 14, wherein the step of 
transforming two or more test signals includes a step of divid­
ing each test signal by its corresponding reference signal. 
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[1113] 16. The method of paragraph 13, wherein the step of 
detecting includes a step of exciting the first and second dyes 
with a same wavelength of excitation light and a step of 
detecting emitted light from the first and second dyes at least 
substantially independently from one another in respective 
first and second detector channels. 

[1114] 17. The method of paragraph 13, wherein the step of 
generating droplets includes a step of forming droplets that 
contain primers conferring specificity for amplification of a 
control nucleic acid target, wherein the step of detecting 
includes a step of detecting control signals from the second 
dye, and wherein the control signals include the reference 
signals and indicate whether amplification of the control 
nucleic acid target occurred in individual droplets. 

[1115] 18. The method of paragraph 17, wherein the refer­
ence signals and the control signals are a same set of signals. 

[1116] 19. The method of paragraph 13, wherein the step of 
analyzing the test signals includes a step of comparing the 
transformed test signals to a signal threshold to assign indi­
vidual droplets as positive or negative for amplification of the 
test nucleic acid target, and a step of estimating a number of 
molecules of the test nucleic acid target in the sample based 
on results of the step of comparing. 

[1117] 20. A method of sample analysis, comprising: (A) 
generating droplets, each droplet including first and second 
dyes and a partition of a sample and being capable of ampli­
fication of a test nucleic acid target, if present, in the partition; 
(B) exciting the first and second dyes with a same wavelength 
of excitation light; (C) detecting emitted light from the first 
and second dyes at least substantially independently from one 
another in respective first and second detector channels to 
provide respective test signals and other signals measured 
from the first and second dyes in the droplets, the test signals 
indicating whether amplification of the test nucleic acid target 
occurred in individual droplets; and (D) analyzing the test 
signals to determine a test result related to a presence, if any, 
of the test nucleic acid target in the sample, wherein the other 
signals are utilized to determine the test result, to interpret the 
test result, to generate another test result, or any combination 
thereof. 
[1118] 21. The method of paragraph 20, wherein the other 
signals include reference signals, and wherein the step of 
analyzing includes (a) a step of transforming the test signals 
based on the reference signals to reduce variation of the test 
signals and to produce a set of transformed test signals and (b) 
a step of utilizing the set of transformed test signals to deter­
mine the test result. 

[1119] 22. The method of paragraph 20, wherein the other 
signals include control signals that indicate whether amplifi­
cation of a control nucleic acid target occurred in individual 
droplets. 
[1120] 23. A method of sample analysis, comprising: (A) 
generating droplets, each droplet including a partition of a 
sample and being capable of amplification of a nucleic acid 
target, if present, in the partition; (B) detecting signal peaks 
corresponding to the droplets, each signal peak including a 
width and providing a value, the value indicating whether 
amplification of the nucleic acid target occurred in an indi­
vidual droplet; (C) transforming the value of each signal peak 
based of the width of such signal peak to create a set of 
transformed values; (D) comparing the set of transformed 
values to a signal threshold to a signal threshold to assign 
individual droplets as positive or negative for amplification of 
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the test nucleic acid target; and (E) estimating a presence, if 
any, of the nucleic acid target in the sample based on results of 
the step of comparing. 
[1121] 24. A method of sample analysis, comprising: (A) 
obtaining droplets, each droplet of at least a subset of the 
droplets including a partition of a sample and being capable of 
amplification of a nucleic acid target, if present, in the parti­
tion; (B) detecting test signals and reference signals from the 
droplets, the test signals indicating whether amplification of 
the target occurred in individual droplets; (C) transforming 
the test signals based on the reference signals to obtain trans­
formed test signals; (D) comparing the transformed test sig­
nals to a signal threshold to assign individual droplets as 
positive or negative for amplification of the nucleic acid tar­
get; and (E) estimating a number of molecules of the nucleic 
acid target in the sample based on the step of comparing. 
[1122] 25. The method of paragraph 24, wherein the step of 
obtaining droplets includes a step of obtaining test droplets 
and reference droplets, wherein the test droplets and the ref­
erence droplets represent respective different types of drop­
lets, and wherein the test signals and the reference signals are 
detected from the test droplets and the reference droplets, 
respectively. 
[1123] 26. The method of paragraph 25, wherein the test 
signals and the reference signals are detected optically at a 
same wavelength or same wavelength range. 
[1124] 27. The method of paragraph 26, wherein the test 
droplets and the reference droplets contain a same dye, and 
wherein fluorescence of the same dye is detected as the test 
signals and the reference signals. 
[1125] 28. The method of paragraph 26, further comprising 
a step of distinguishing the test signals from the reference 
signals by intensity. 
[1126] 29. The method of paragraph 28, wherein the step of 
distinguishing includes a step of interpreting, as test signals, 
one or more droplet signals within a range of intensities and, 
as reference signals, one or more droplet signals outside the 
range of intensities. 
[1127] 30. The method of paragraph 25, wherein the step of 
detecting is performed in a detection area, and wherein the 
droplets travel to the detection area in a flow stream. 
[1128] 31. The method of paragraph 30, wherein the test 
droplets and the reference droplets are intermixed in the flow 
stream. 
[1129] 32. The method of paragraph 30, wherein the test 
droplets are spaced from the reference droplets in the flow 
stream. 
[1130] 33. The method of paragraph 25, further comprising 
a step of thermally cycling the test droplets before the step of 
detecting. 
[1131] 34. The method of paragraph 33, wherein the refer­
ence droplets are not thermally cycled after the step ofobtain­
ing and before the step of detecting. 
[1132] 35. The method of paragraph 24, wherein the test 
signals and the reference signals are detected from the same 
droplets. 
[1133] 36. The method of paragraph 26, wherein the step of 
transforming includes a step of transforming each test signal 
detected from a droplet based on a corresponding reference 
signal detected from the same droplet. 
[1134] 3 7. The method of paragraph 24, wherein the step of 
obtaining includes a step of generating droplets each includ­
ing first and second fluorescent dyes. 
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[1135] 38. Themethodofparagraph37, wherein the step of 
detecting includes a step of exciting the fluorescent dyes with 
a same wavelength of excitation light and a step of detecting 
emission light from the fluorescent dyes at least substantially 
independently in respective detector channels. 

IX. Clinical Applications for Droplet-Based Assays 

[1136] This Section describes exemplary clinical applica­
tions for the droplet-based assays disclosed herein. The 
assays may be used to perform clinical (and/or forensic) tests 
related to etiology, pathogenesis, diagnosis, surveillance, 
and/or therapy monitoring of any suitable infection, disorder, 
physiological condition, and/or genotype, among others, as 
illustrated below. Pathogen testing may involve pathogen 
detection, speciation, and/or drug sensitivity applications, 
among others. 
[1137] Each clinical ( or non-clinical) test listed below may 
analyze any suitable aspect of a particular nucleic acid target 
or set of two or more targets ( e.g., clinically related targets) 
using any suitable amplification methodology. For example, 
the test may be qualitative, to determine whether or not the 
target ( or each target) is present at a detectable, statistically 
significant level above background in a sample, or the test 
may be quantitative, to determine a total presence (i.e., a 
concentration/copy number) of the target (or each target) in 
the sample. Alternatively, or in addition, the test may deter­
mine a sequence characteristic of a target (such as to deter­
mine the identity of a single nucleotide polymorphism (SNP) 
in the target, whether the target is wild-type or a variant, to 
genotype the target, and/or the like). Any suitable amplifica­
tion methodology may be used in performing the tests, such 
as any of those described above in Section I. 
[1138] The tests may provide diagnosis of a genetic disease 
by testing for a presence ( or absence for diseases character­
ized by deletions) of a nucleic acid target for the genetic 
disease. Illustrative genetic diseases that may be diagnosed 
with suitable disease-specific primers include sickle cell ane­
mia, cystic fibrosis (CF), Prader-Willi syndrome (PWS), 
beta-thalassemia, prothrombin thrombophilia, Williams syn­
drome, Angelman syndrome, fragile X syndrome, Factor V 
Leiden, or the like. Exemplary primers include hemoglobin 
sequences for sickle cell anemia, cystic fibrosis transmem­
brane conductance regulator (CFTR) gene sequences for cys­
tic fibrosis, and so on. The diagnosis may include determining 
the variant for diseases having more than one form ( e.g., 
distinguishing among sickle trait (AS), sickle cell anemia 
(SS), hemoglobin SC disease, hemoglobin SD disease, and 
hemoglobin SO disease, among others, for hemoglobin-re­
lated diseases). These tests may be performed pre- or postna­
tally, to screen for a single disease or variant, or for a panel of 
diseases and/or variants (for example, in prenatal screens, 
using genetic material obtained from an amniocentesis or 
maternal peripheral circulation, among others). 
[1139] The tests may provide detection and/or delineation 
of native and/or pathogenic gene transcripts. For example, 
primers may be chosen to amplify one or more targets that 
signal initiation and/or amplification of any pathophysiologi­
cal messaging cascade (e.g., TNF-alpha, one or more inter­
leukins, NF-kappaB, one or more inflammatory modulators/ 
mediators), viable infectious agent proliferation, etc. 
[1140] The tests may be utilized (e.g., forensically) to 
determine identity, paternity, maternity, sibling relationships, 
twin typing, genealogy, etc. These tests may be performed by 
amplifying nucleic acid from the individuals at issue (includ-
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ing self for identity testing) and comparing nucleic acid 
sequences, nucleic acid restriction patterns, etc. Suitable 
nucleic acids may include Y-chromosome DNA for paternity 
testing, mitochondria DNA for maternity testing, genomic 
DNA for sibling tests, etc. 
[1141] The tests may provide detection of viruses, their 
transcripts, their drug sensitivity, and/or pathogenic conse­
quences thereof. For example, the tests may use primers that 
amplify one or more viral targets ( e.g., at least a region of one 
or more viral genes or transcripts), to diagnose and/or monitor 
viral infections, measure viral loads, genotype and/or sero­
type viruses, and/or the like. Exemplary viral targets may 
include and/or may be provided by, but are not limited to, 
hepatitis C virus (HCV), hepatitis B virus (HPB), human 
papilloma virus (HPV), human immunodeficiency virus 
(HIV), cytomegalovirus (CMV), Epstein-Barr virus (EBY), 
respiratory syncytial virus (RSV), West Nile virus (WNV), 
varicella zoster virus (VZV), parvovirus, rubella virus, 
alphavirus, adenovirus, coxsackievirus, human T-lymphotro­
pic virus 1 (HTLV-1), herpes virus (including for Kaposi's 
sarcoma), influenza virus, enterovirus, and/or the like. In 
some embodiments, the tests may provide detection/identifi­
cation of new viral pathogens. 
[1142] The tests may provide detection of prokaryotic 
organisms (i.e., bacteria), their transcripts, their drug sensi­
tivity, and/ or pathogenic consequences thereof (e.g., bacterial 
infections). For example, the tests may use primers that 
amplify one or more bacterial targets ( e.g., at least a region of 
one or more bacterial genes or transcripts). Suitable bacteria 
that may be detected include, but are not limited to, gram­
positive bacteria, gram-negative bacteria, and/or other fastidi­
ous infectious agents. Exemplary bacterial diseases/condi­
tions that may be diagnosed and/or monitored include 
sexually transmitted diseases ( e.g., gonorrhea (GC), Chlamy­
dia (CT), syphilis, etc.); healthcare associated infections 
(HAis), such as methicillin-resistant Staphylococcus aureus 
(MRSA), Clostridium difficule (C. di.ff), vancomycin resis­
tant entereococci (VRE), etc.; Group B streptococcus (GBS); 
mycobacteria (e.g., causing tuberculosis, leprosy, etc.); and/ 
or the like. Further aspects of tests for HAis that may be 
performed by the system disclosed herein are described in the 
following U.S. provisional patent applications, which are 
incorporated herein by reference: Ser. No. 61/206,975, filed 
Feb. 5, 2009; and Ser. No. 61/271,538, filed Jul. 21, 2009. 
[1143] The tests may provide detection of fungi (single­
celled (e.g., yeast) and/or multi-celled), their transcripts, 
pathogenic consequences thereof (e.g., fungal infections), 
and/or drug sensitivity. For example, the tests may use prim­
ers that amplify one or more fungal targets ( e.g., at least a 
region of one or more viral genes or transcripts). Exemplary 
types of fungal infections that may be diagnosed and/or moni­
tored may be caused by Histoplasma ( e.g., causing histoplas­
mosis ), Blastomyces ( e.g., causing blastomycosis ), Crytococ­
cus ( e.g., causing meningitis), Coccidia ( e.g., causing 
diarrhea), Candida, Sporothrix genuses of fungi, and/or the 
like. 
[1144] The tests may be used for screening, diagnosis, 
monitoring, and/or designing treatment of diseases such as 
cancer. For example, tests for cancer may detect one or more 
cancer mutations ( e.g., her2/neu, BRACA-1, etc.), insertion/ 
deletion/fusion genes (bcr-abl, k-ras, EFGR, etc.), amplified 
genes, epigenetic modifications, etc.; may identify cancer 
stem cells; may identify, monitor, and/or evaluate residual 
cancer disease burden, p53 margin assessment, etc.; and/or 
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the like. These tests may use any suitable cancer markers as 
targets and may be applied to any suitable type of cancer, such 
as bladder cancer, bone cancer, breast cancer, brain cancer, 
cervical cancer, colorectal cancer, esophageal cancer, gastric 
cancer, oropharyngeal cancer, ovarian cancer, prostate can­
cer, uterine cancer, leukemia, lymphoma, myeloma, mela­
noma, etc. 
[1145] The present system may be used to perform any 
other suitable tests. For example, the system may test, pre- or 
postnatally for aneuploidy ( e.g., Down's Syndrome, Patau 
Syndrome, Edwards Syndrome, Fragile X Syndrome, etc.), 
inborn errors of metabolism ( e.g., hepatopathies, encephalo­
pathies (e.g., acyl CoA dehydrogenase deficiency)),blood 
group antigens, a congenital anomalies including but not 
limited to myelomeningocele (e.g., testing for mutations in 
methylenetetrahydrofolate reductase (MTHFR), methionine 
synthase, cystathionine beta-synthase, etc.), and/or the like. 
Alternatively, or in addition, the system may test for a sign of 
an auto-immune disorder, such as systemic lupus erythema­
tosus (SLE), psoriasis, etc. Autoimmune testing may include 
HLA classification, analysis ofMHC codon biomarkers, and/ 
or the like. The system may test for signals of neurodegen­
eration or a predisposition thereto using targets such as par­
kin, PINK!, tau, alpha synuclein, allele specification and 
triplet penetration depth in huntingtin gene, etc. Tests may be 
performed for genotyping enzymes engaged in drug metabo­
lism ( e.g., cytochrome P alleles, NAT2 polymorphisms, UGT 
polymorphisms, etc). Genotyping tests may be performed in 
determination of susceptibility to any particular disease state. 
Tests may be performed to determine clonality, such as for 
immunological applications, oncology applications, etc. 
Tests may be designed to diagnose and/or monitor acute 
central nervous system (CNS) infection, such as encephalitis, 
meningitis, etc., for example, using nucleic acid from one or 
more viruses and/or bacteria capable of causing these disor­
ders for diagnosis and nucleic acid from the virus or bacte­
rium identified as the cause for subsequent monitoring. Tests 
also may be configured to diagnose acute ischemic disease. 
Suitable targets for this diagnosis may include CNS cellular 
transcripts corresponding to circulating receptor fragments 
post-stroke (glutamate receptors, NMDA receptors, rd mes­
senger transcripts, etc.). Other suitable targets may include 
intracellular cardiomyocyte transcripts released from 
ischemic cardiac regions. Tests also may be used to assess 
transcripts (e.g., types, numbers, etc.) in tissue proliferative 
disorders (e.g., renal failure, cirrhosis, etc.). Exemplary tar­
gets for these disorders may include trophic factors and/or 
extracellular matrix components, among others. 

X. Multiplexed Assays 

[1146] This Section describes exemplary strategies for per­
forming multiplexed detection of nucleic acid targets in the 
same set of droplets. 
[1147] Digital PCR assays may be rendered detectable 
through the use of a 5'-nuclease assay (i.e., a TAQMAN 
probe) to amplify a target sequence while producing a signal 
from the probe. The assays disclosed herein may be config­
ured to multiplex the 5'-nuclease assay to permit detection of 
two or more species of target from individual droplets, which 
is termed multiplex detection. It is also possible to "query" for 
multiple target molecules through the presence of the target­
specific reagents in each droplet. For example, if one were to 
have 50 pairs of primers each specific to a different gene 
sequence in each droplet, then each target molecule present 
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will be counted for analysis. Conversely, any absent target 
molecules will not be counted. Thus, throughout this Section, 
the term "query" refers to a digital "yes" or "no" determina­
tion for multiple target molecules. 
[1148] It is possible to distinguish different target mol­
ecules in the same volume based on the reporter dyes used in 
the 5'-nuclease assay. The dyes differ in emission spectra so 
that they may be distinguished. For example, fluorescein, 
fluorescein derivatives, and rhodamine dyes may be utilized 
for multiplexing detection from PCR and the 5'-nuclease 
assay. 
[1149] Different dyes could be used to code sets of 5' 
nuclease reagents. Thus, one dye could signal the presence or 
absence of one set of 25 targets while a second dye could 
signal the presence or absence of a different set of25 targets. 
For example, one might code one set as targets from chromo­
some 18 and another set from chromosome 21. One could 
then query chromosome 18 and 21 to count the number 
present based on digital results of two sets of assays. 
[1150] It is also possible to detect different molecules in the 
same volume based on the melting curve specific to homo­
duplexes versus heteroduplexes. A detection station may 
include a controllable heater to produce one or more melting 
curves for each droplet, to detect multiple target molecules by 
digital PCR. 
[1151] Other multiplexed detection strategies may be uti­
lized in the systems disclosed herein. For example, a flap 
endonuclease assay, commercially known as an INVADER 
assay, is multiplexed for SNP detection in tube or microplate­
based systems. The INVADER assay may be utilized to pro­
vide digital information in a multiplex fashion in the systems 
disclosed herein. The INVADER assay also can be used to 
query for many target molecules by formulating a set of two 
or more in every droplet. Coding is also possible. 
[1152] Molecular beacon probes also may be used for mul­
tiplex detection. These probes may use similar dyes to 5-nu­
clease assay, but the detection method may be different. The 
structure of the probe when hybridized vs. un-hybridized 
produces a signal. The hybridized version produces a mea­
surable signal if and only if the target sequence is amplified. 
It is possible to use different temperatures to multiplex detect 
while simultaneously using dyes. 
[1153] For example, three sets of probes may be designed 
to melt away from their target sequences at three different 
temperatures. The systems disclosed herein may produce 
multiplex digital results by both temperature and dye. Thus, 
in this example, the system can multiplex six assays with two 
dyes and probes that melt at three temperatures. Also, it is 
possible to couple querying and coding with molecular bea­
cons. 
[1154] An assay mixture as disclosed herein may utilize 
various combinations of primers and one or more reporters to 
perform a multiplexed assay. Exemplary combinations 
include (1) a single primer pair and no target-specific probe 
( e.g., use of an intercalating dye or universal probe as reporter 
for targets), (2) multiple primer pairs to amplify distinct target 
species and no target-specific probe ( e.g., use of an interca­
lating dye or universal probe), (3) multiple primer pairs to 
amplify distinct target species and a single color target-spe­
cific probe ( e.g., a TAQMAN probe), ( 4) single primer pairs 
and multiple one color target-specific probes, (5) multiple 
primer pairs and multiple one-color target specific probes, or 
(6) multiple primer pairs and multiple color target specific 
probes, among others. 
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[1155] The disclosure set forth above may encompass mul­
tiple distinct inventions with independent utility. Although 
each of these inventions has been disclosed in its preferred 
form(s), the specific embodiments thereof as disclosed and 
illustrated herein are not to be considered in a limiting sense, 
because numerous variations are possible. The subject matter 
of the inventions includes all novel and nonobvious combi­
nations and subcombinations of the various elements, fea­
tures, functions, and/or properties disclosed herein. The fol­
lowing claims particularly point out certain combinations and 
subcombinations regarded as novel and nonobvious. Inven­
tions embodied in other combinations and subcombinations 
of features, functions, elements, and/or properties may be 
claimed in applications claiming priority from this or a 
related application. Such claims, whether directed to a differ­
ent invention or to the same invention, and whether broader, 
narrower, equal, or different in scope to the original claims, 
also are regarded as included within the subject matter of the 
inventions of the present disclosure. 

We claim: 
1. A system for analyzing a sample, comprising 
a droplet generator configured to generate droplets con­

taining portions of a sample to be analyzed, the droplets 
being disposed in an immiscible fluid forming a sample 
emulsion, 

a heating and cooling station having a fluid inlet and a fluid 
outlet, 

a detection station downstream from the heating and cool­
ing station, 

a channel forming a single-pass continuous fluid route 
from the fluid inlet to the fluid outlet of the heating and 
cooling station, 

a pump for moving the sample emulsion through the chan­
nel, 

a controller programmed to operate fluid transport through 
the channel, and 

an analyzer configured to process data collected at the 
detection station. 

2. The system of claim 1, wherein the detection system is 
situated to detect presence of target in the sample emulsion 
after passing through the heating and cooling system. 

3. The system of claim 1 further comprising a droplet 
reservoir, a first fluid conduit connecting the droplet generator 
to the reservoir, and a second fluid conduit connecting the 
reservoir to the fluid inlet of the heating and cooling station. 

4. The system of claim 1, wherein the droplet generator is 
adapted for single-use detachable connection to the heating 
and cooling station without exposing the heating and cooling 
station to contamination from sample contained in the sample 
emulsion. 

5. The system of claim 1, wherein the droplet generator is 
configured to generate the sample emulsion external to the 
heating and cooling station. 

6. The system of claim 1, wherein the heating and cooling 
station includes multiple heating zones along the fluid route 
configured for performing a polymerase chain reaction on a 
nucleic acid target contained in a droplet. 

7. The system of claim 1, wherein the heating and cooling 
station includes at least one thermoelectric cooler. 

8. The system of claim 1, wherein the controller is pro­
grammed to adjust the droplet generator to alter droplet size 
based on data received from the detection station. 
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9. The system of claim 1, wherein the controller is pro­
grammed to alter sample concentration prior to droplet gen­
eration based on data received from the detection station. 

10. The system of claim 1, wherein the controller is pro­
grammed to alter a sample preparation procedure prior to 
droplet generation in the droplet generator based on data 
received from the detection station. 

11. The system of claim 1, wherein the analyzer is pro­
grammed to determine a concentration of a target molecule in 
the sample based at least partially on the frequency of droplets 
containing the target out of a population of droplets contain­
ing sample portions. 

12. The system of claim 1, wherein the droplet generator 
includes a sample reservoir, an oil source, an oil/sample inter­
section, and an emulsion outlet, the emulsion outlet having a 
distal end portion adapted for detachable sealed engagement 
with a receiving port on the heating and cooling station. 

13. The system of claim 1, wherein the droplet generator is 
contained in a cartridge having at least one piston for driving 
emulsification. 

14. The system of claim 1, wherein the droplet generator is 
contained in a cartridge having at least one piston for pump­
ing sample emulsion through the channel network. 

15. The system of claim 1, wherein the channel includes a 
helical capillary tube portion passing through the heating and 
cooling station. 

16. The system of claim 15, wherein the capillary tube 
portion has a diameter approximately equal to the diameter of 
droplets generated by the droplet generator. 

17. The system of claim 1, wherein the capillary tube 
portion includes a hot-start segment passing through a hot­
start zone prior to a denaturation zone in the heating and 
cooling station. 

18. The system of claim 1, wherein the heating and cooling 
station includes thermoelectric coolers configured for con­
trolling temperatures in heating and cooling zones by trans­
ferring heat between a thermal core and the heating and 
cooling zones. 

19. The system of claim 15, wherein the helical capillary 
tube portion defines a helical path that decreases in length 
over successive cycles. 

20. The system of claim 1, wherein the heating and cooling 
station includes: 

a core defining a central longitudinal axis, 
a plurality of segments attached to the core and defining a 

plurality of temperature regions; and 
a plurality of heating elements configured to maintain each 

temperature region approximately at a desired tempera­
ture, a portion of the channel configured to transport a 
sample emulsion cyclically through the temperature 
regions. 

21. The system of claim 20, wherein the plurality of seg­
ments includes a plurality of inner segments defining the 
plurality of temperature regions and a plurality of outer seg­
ments attached to the inner segments, and wherein the portion 
of the channel is disposed between the inner and outer seg­
ments. 

22. The system of claim 21, wherein the portion of channel 
includes fluidic tubing that wraps around the inner segments. 

23. The system of claim 21, wherein the fluidic tubing is 
disposed in grooves of the inner segments that wrap substan­
tially helically around the inner segments. 

24. The system of claim 1, wherein the droplet generator is 
contained in a disposable cartridge. 
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25. The system of claim 24, wherein the cartridge includes 
a cell lysing region, a separating region, a reagent mixing 
region, and a droplet generation region for extracting nucleic 
acid from a sample and formation of droplets into a heat stable 
sample emulsion. 

26. The system of claim 1, wherein the channel has open 
ends for permitting continuous flow of a sample emulsion. 

27. The system of claim 1, wherein the droplet generator is 
capable of generating a heat stable sample emulsion. 

28. A system for sample analysis, comprising: 
at least one droplet generator that forms a plurality of 

emulsions including droplets that each contain a sample 
partition prepared as a reaction mixture for amplification 
of a nucleic acid target; 

a plate defining an array of cavities to hold the emulsions; 
a heating and cooling device to heat the emulsions disposed 

in the cavities to induce nucleic acid amplification in 
droplets; 

a detection assembly to detect signals from intact droplets 
of the emulsions; and 

a controller in communication with the detection assembly 
and programmed to estimate a presence, if any, of the 
nucleic acid target in a sample based on signals detected 
from the intact droplets. 

29. The system of claim 28, wherein the droplet generator 
is integrated with the plate. 

30. The system of claim 29, wherein each cavity is supplied 
by a separate droplet generator. 

31. The system of claim 29, wherein each cavity is supplied 
by the same droplet generator. 

32. The system of claim 28, wherein the droplet generator 
is not part of the plate. 

33. The system of claim 28, wherein the droplet generator 
includes at least one oil reservoir, a sample reservoir, and a 
fluid path from each reservoir to at least one cavity. 

34. The system of claim 28, further comprising a pressure 
source that drives droplet generation. 

35. The system of claim 28, wherein the detection assem­
bly is configured to detect signals from droplets while dis­
posed in the cavities. 

36. The system of claim 28, further comprising a fluid 
transfer device configured to transfer droplets from the cavi­
ties to a detection site of the detection assembly. 

37. The system of claim 36, wherein the detection site is 
separate from the plate. 

38. The system of claim 36, wherein the detection assem­
bly is configured to detect droplets serially. 

39. The system of claim 36, wherein the detection assem­
bly is configured to image batches of droplets. 

40. The system of claim 39, wherein the detection assem­
bly is configured to image droplet batches serially, each drop­
let batch corresponding to a different emulsion. 

40. The system of claim 28, wherein the detection assem­
bly includes confocal optics. 

41. The system of claim 28, wherein each cavity is bounded 
above and below by walls of the plate. 

42. The system of claim 28, wherein each cavity is bounded 
by a transparent wall of the plate that permits detection of 
droplets in such cavity through the transparent wall. 

43. The system of claim 28, wherein the droplet generator 
includes a sample reservoir that opens upwardly to permit 
sample loading from above the plate. 
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44. The system of claim 28, wherein the cavity is a well, 
further comprising a sealing member to seal the well. 

45. The system of claim 28, wherein the droplet generator 
includes one or more orifices from which the droplets are 
generated serially. 

46. The system of claim 28, wherein the droplet generator 
is configured to form droplets that are monodisperse. 

47. The system of claim 28, wherein the controller is con­
figured to estimate the presence of the nucleic acid target 
based on a percentage of droplets that are determined to be 
positive for amplification of the nucleic acid target. 

48. A system for sample analysis, comprising: 
a droplet generator including an oil reservoir, a sample 

reservoir, a cavity, and a channel intersection that 
receives a sample from the sample reservoir and a carrier 
fluid from the oil reservoir and generates droplets that 
flow to the cavity as an emulsion; and 

a heating device to heat the droplet generator to induce 
nucleic acid amplification in droplets of the emulsion in 
the cavity. 

49. The system of claim 48, further comprising a plate that 
includes the droplet generator and a plurality of other droplet 
generators. 

50. The system of claim 48, further comprising a pressure 
source that drives droplet generation. 

51. The system of claim 50, wherein the pressure source 
includes a manifold that forms a sealed relation with the 
droplet generator. 

52. The system of claim 48, further comprising a detection 
assembly to detect signals from droplets of the emulsion. 

53. The system of claim 52, wherein the detection assem­
bly is configured to detect signals from droplets while the 
droplets are disposed in the cavity. 

54. The system of claim 52, wherein the detection assem­
bly is configured to detect signals from the droplets while the 
droplet generator is thermally coupled to the heating device. 

55. The system of claim 52, wherein the detection assem­
bly is configured to image a batch of droplets. 

56. The system of claim 55, wherein the detection assem­
bly includes confocal optics. 

57. The system of claim 52, further comprising a controller 
in communication with the detection assembly and pro­
grammed to estimate a presence, if any, of a nucleic acid 
target in the sample based on the signals detected. 

58. The system of claim 48, wherein the heating device 
includes a temperature-controlled chamber that receives the 
droplet generator. 

59. The system of claim 48, wherein the heating device is 
a heating and cooling device that thermally cycles the droplet 
generator to induce PCR amplification in the droplets of the 
emulsion in the cavity. 

60. The system of claim 48, wherein the cavity is bounded 
above and below by walls of the droplet generator. 

61. The system of claim 48, wherein the cavity is bounded 
by a transparent wall of the droplet generator that permits 
detection of droplets in the cavity through the transparent 
wall. 

62. The system of claim 48, wherein the cavity is a well, 
further comprising a sealing member to seal the well. 

* * * * * 
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