United States Patent

US006506609B1

(12) (10) Patent No.: US 6,506,609 B1
Wada et al. 45) Date of Patent: Jan. 14, 2003
(54) FOCUSING OF MICROPARTICLES IN 5,593,838 A 1/1997 Zanzucchi et al.
MICROFLUIDIC SYSTEMS g,ggg,gié z: glggz ghenllkuri etlal‘
,608, 1 ourley et al.
(75) Inventors: H. Garrett Wada, Atherton, CA (US); gaggg,igg 2 gﬁggz gliglng et a}~
~Si 037, ilding et al.
Anne R. Kopf-Sill, Portola Valley, CA 5699157 A 12/1997 Parce
(US); Marja Liisa Alajoki, Palo Alto, 5730002 A * 4 .
K ,739, /1998 Gjelsnes et al. .............. 356/73
CA (US); J. Wallace Parce, Palo Alto, 5750015 A 5/1998 Soane et al.
CA (US); Benjamin N. Wang, Palo 5779.868 A 7/1998 Parce et al.
Alto, CA (US); Andrea W. Chow, Los 5,800,690 A 9/1998 Chow et al.
Altos, CA (US); Robert S. Dubrow, 5,842,787 A 12/1998 Kopf-Sill et al.
San Carlos, CA (US
an taros US) (List continued on next page.)
(73) Assignee: C?lliper Technologies Corp., Mountain FOREIGN PATENT DOCUMENTS
View, CA (US)
WO WO 96/04547 2/1996
(*) Notice: Subject to any disclaimer, the term of this WO WO 97/02357 1/1997
patent is extended or adjusted under 35 WO WO 98/00231 1/1998
US.C. 154(b) by 0 days. WO WO 98/00705 1/1998
(List continued on next page.)
(21) Appl. No.: 09/569,747
. OTHER PUBLICATIONS
(22) Filed: May 11, 2000
Cohen, C.B. et al., “A Microchip—Based Enzyme Assay for
Related U.S. Application Data Protein Kinase A,” Anal. Chem. (1999) 273:89-97.
(60)  Provisional application No. 60/134,472, filed on May 17, Dasgupta, PK., et al. “Electroosmosis: A Reliable Fluid
1999. Propulsion System for Flow Injection Analysis,” Anal.
5D It Q17 coN e S (1994) 66:1792-1798.
Nt CL7 e
(52) US.CL ..o, 436/148; 436/34; 436/52; (List continued on next page.)
436/180; 436/518; 422/50; 435/91.1 Pri E , Jill Ward
(58) Field of Search ..............ccccc....... 436/148, 34, 52, A”’f’f’yt bf“’””.‘”__]lg ) ars.e“
436/180, 518; 422/50; 204/452, 454, 600; W DAL TR SIS irew L. Fill
356/73; 435/7.1, 6, 287.3, 91.1; 210/634 (74 Atforney, Agent, or Firm—Andrew L. Filler
57 ABSTRACT
(56) References Cited 67)

U.S. PATENT DOCUMENTS

4,390,403 A 6/1983 Batchelder

4,793,705 A 12/1988 Shera

4,844610 A * 7/1989 North, Jr. .cccoovvrevniene 356/73
4,908,112 A 3/1990 Pace

5,126,022 A 6/1992 Soane et al.

5,498,392 A 3/1996 Wilding et al.

5,571,410 A 11/1996 Swedberg et al.

5,585,069 A 12/1996 Zanzucchi et al.

5,587,128 A 12/1996 Wilding et al.

Methods and systems for particle focusing to increase assay
throughput in microscale systems are provided. The inven-
tion includes methods for providing substantially uniform
flow velocity to flowing particles in microfluidic devices.
Methods of sorting members of particle populations, such as
cells and various subcellular components are also provided.
Integrated systems in which particles are focused and/or
sorted are additionally included.

35 Claims, 22 Drawing Sheets

® o 1602
[ ]
D
[ X ]

oo 1600

Cytonome/ST, LLC Exhibit 2030

NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548

Page 1 of 42



US 6,506,609 B1

Page 2
U.S. PATENT DOCUMENTS WO WO 98/46438 10/1998
WO WO 98/49548 11/1998
5,852,495 A 12/1998 Parce WO WO 98/55852 12/1998
5,858,187 A * 1/1999 Ramsey et al. ............. 204/452 WO WO 98/56956 12/1998
5,869,004 A 2/1999 Parce et al. wO WO 99/00649 1/1999
5,876,675 A 3/1999 Kennedy WO WO 99/10735 3/1999
5,879,625 A * 3/1999 Roslaniec et al. ............ 422/50 WO WO 99/12016 3/1999
5,880,071 A 3/1999 Parce et al. WO WO 99/16162 4/1999
5,882,465 A 3/1999 McReynolds WO WO 99/19056 4/1999
5,885,470 A 3/1999 Parce et al. wO WO 99/19516 4/1999
5,942,443 A 8/1999 Parce et al. WO WO 99/29497 6/1999
5948227 A 9/1999 Dubrow WO WO 99/56954 11/1999
5955028 A 9/1999  Chow WO WO 00/09753 2/2000
5957579 A 9/1999 Kopf-Sill et al.
5,958,203 A 9/1999 Parce et al. OTHER PUBLICATIONS
50586904 A 9/1999 Nikiforov )
5,959,291 A 9/1999 JTensen Jacobson, S.C. et al., “Fused Quartz Substrates for Micro-
5,964,995 A 10/1999 Nikiforov et al. chip Electrophoresis,” Anal. Chem. (1995) 67:2059-2063.
5,965,001 A 10/1999 Chow et al. Kessler J., “Hydrodynamic focusing of motile algal cells”
5,965,410 A 10/1999 Chow et al. Nature vol. 313 pp. 218-220.
5972187 A 1071999 Parce et al. Knight J., et al., “Hydrodynamic Focusing on a Silicn Chip:
5,972,622 A * 10/1999 Desjardins .................. 435/7.1 Mix: X 4 . i X X
; ixing Nanoliters in Microseconds” Physical Review Let-
5,972,710 A 10/1999 Weigl et al.
5076336 A 11/1999 Dubrow et al. ters (1998) vol. 80,bNo. 17 pp. 3863.—.38§6. .
5,080,402 A 11/1999 Chow et al. Kononenko and Shimkus “Non—equilibrium integral Dop-
6,001,231 A * 12/1999 Kopf-Sill ....c.cervueeeeee. 204/454 pler anemometric analysis of particel mixtures in a channel
6,004,515 A 12/1999 Parce et al. flow . . . 7 J. of Chromatography (1991) vol. 553 pp.
6,011,252 A 1/2000 Jensen 517-530.
670127902 A 1/2000 P‘"‘rc‘f’ Manz, A. et al, “Electroosmotic pumping and electro-
6,042,710 A 3/2000 Dubrow phoretic separations for miniaturized chemical analysis sys-
6,046,056 A 4/2000 Parce et al. 4 > T Mi i Mi (1994) 4:257-265
6,049380 A 4/2000 Goodwin et al. oms, - /. Jcromech. Microens. | e =200,
6,068,752 A 5/2000 Dubrow et al. Ramsey, J.M. et al., “Microfabricated chemical measure-
6,607,157 5/2000 Altendorf ment systems,” Nature Med. (1995) 1:1093-1096.
6,071,478 A 6/2000 Chow Seiler, K. et al., “Planar Glass Chips for Capillary Electro-
6,074,725 A 6/2000 Kennedy phoresis: Repetitive Sample Injection, Quantitation, and
6,080,295 A 6/2000  Parce et al. Separation Efficiency,” Anal. Chem. (1993) 65:1481-1488.
6,120,666 A * 9/2000 Jacobson et al. ........... 204/452 . « . .
N . Seiler, K. et al., “Electroosmotic Pumping and Valveless
6,150,119 A 11/2000 Kopf-Sill et al. ... 435/7.1 1 of Fluid Fl “thi ifold of illari
6.267.858 Bl * 7/2001 Parce et al. w.............. 204/600  Control of Fluid Flow Within a Manifold of Capillaries on

FOREIGN PATENT DOCUMENTS

WO 98/00707
WO 98/02728
WO 98/05424
WO 98/22811
WO 98/45481
WO 98/45929

1/1998
1/1998
2/1998
5/1998
10/1998
10/1998

a Glass Chip,” Anal. Chem. (1994) 66:3485-3491.
Sundberg, S. A., “High—throughput and ultra—high—through-
put screening: solution—and cell-based approches,” Cur-
rent Opinions in Biotechnology 2000, 11:47-53.

Watson, J. “The Early Fluidic and Optical Physics of Cytom-
etry” Cytometry (1999) vol. 38 pp. 2-14.

* cited by examiner

Cytonome/ST, LLC Exhibit 2030

NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548

Page 2 of 42



U.S. Patent Jan. 14, 2003 Sheet 1 of 22 US 6,506,609 B1

102

,ﬁw %ﬂ&gﬁﬂbw

8 $ ® B ® 8 8 TG

se aw 0

o @

104
162
Fig. 1A

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 3 of 42



U.S. Patent Jan. 14, 2003 Sheet 2 of 22 US 6,506,609 B1

I_ 208
i
(U 210
|
Q > Q > i 212
k\\\\\\\\\\\\>\\\\

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 4 of 42



U.S. Patent Jan. 14, 2003 Sheet 3 of 22 US 6,506,609 B1

300

(

302

\§

\\\\\\\\\g\\\\\\
w
E

306 Cl — - jQ 306
308 C) -~ IQ 308

—_—
31OCL-—> <—OB1O
e

— 314

Q)

316

Fig. 3

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 5 of 42



US 6,506,609 B1

Sheet 4 of 22

Jan. 14, 2003

U.S. Patent

v Bi-

Spuooag

0Glee Gelez 00OLee G102 060¢C S20cZ 0002 G'L6lc 0GBl G'C6lLZ 006lC

| | | _ | | |
LY UL UL LY LT PYY A AU L UL L LI T UL L LU BP Y UL

G0
H 90
-20
-8°0
- 60
-0l
-1l

LILLEIIagll

LUP LI L L (e giiigyl

I ! T T
© 9 ¥ o A
h ~— <~ A -

Page 6 of 42

Cytonome/ST, LLC Exhibit 2030

NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548



U.S. Patent Jan. 14, 2003 Sheet 5 of 22 US 6,506,609 B1

2950

L]
|
2945

|
I
2940

2935

i
N
2925 2930
Seconds
Fig. 5

|
|
2920

2915

s

2905

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 7 of 42



U.S. Patent Jan. 14, 2003 Sheet 6 of 22 US 6,506,609 B1

150

I Y

|
145

|

llil L
140

I

[
135

|
130

|

!
105

l
100

I O O T O e |

|

|
l

95

|

b oo oA M ot oo e ol
T S T N O T 0 O T T O I T O Y P e e o e
[ I | |
110 115 120 125
Seconds
Fig. 6

i
0T

] ||
90

10T

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 8 of 42



U.S. Patent

Jan. 14, 2003 Sheet 7 of 22 US 6,506,609 B1

35

A
1

|
l
130

Seconds
Fig. 7

AR

60

501

i I I B i
100 105

40

30

20+

10
0

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 9 of 42



U.S. Patent Jan. 14, 2003 Sheet 8 of 22 US 6,506,609 B1

T TT T TT T TTTT | TTTT

880

870

860

850

Fig. 8

840
Time (sec)

830

820

810

i
I ) T T O I |

800

1.3
1.2
11
0.9
0.8
07
0.6
0.5

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 10 of 42



U.S. Patent Jan. 14, 2003 Sheet 9 of 22 US 6,506,609 B1

1250

ITTTITTTTETT T

1240

1230

1220

Fig. 9

Time (sec)

1210

fi
1200

1190

1180

I Y O I O A R

1170

0.9

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 11 of 42



U.S. Patent Jan. 14, 2003 Sheet 10 of 22 US 6,506,609 B1

HL60 Cells- 6 hr CPT
06 —

26 Apoptotic (52%)
24 Alive (48%)

T T T T T T

0.5

0.4

03

FrageL

0.2

0.1

e mecer wwe ¢ @
L

lllllllllllrll[llll'llllllllllllll
po ol ey v bavav e v vn by e vy apalaggy

_0.1....|....|,...|....|

o
-—
o
=
—
<
N
o
w
o

~

Syto62

HLB0 Cells- 6 hr DMSO
6p0————

1 Apoptotic (2.6%)
37 Alive (97.4%)

0.5
0.4
0.3

0.2

FragEL

0.1

LIS I N L I O I B L B LA

Syto62

Fig. 10

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 12 of 42



U.S. Patent

% Apoptotic Cells

% Apoptotic Cells

% Apoptotic Cells

50
40
30
20
10

70
60
50
40
30
20
10

60
50
40
30
20
10

Jan. 14, 2003

HL6E0 Cells- TUNEL Assay

Sheet 11 of 22

US 6,506,609 B1

= 6 hr CPT =
= 4 hr CPT \ \\ =
3 2 hr CPT E
3 4 hr DMSO E
4 hr DMSO m E
Treatment
U937 Cells- TUNEL Assay
= 4 hr CPT \—
3 2 hr CPT E
2 hr DMSO \\\\\ 2 hr DMSO E
EF A % 2 é hr DM§79 3
Treatment
Jurkat Cells- TUNEL Assay
4 hr CPT

2 hr CPT

IIHlIlIIIHlIlHHIIIIll””

N

hr DMSO
2]

4 hr DMSO \

6 hr DMSO

s,

b bde b

Treatment

Fig. 11

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548

Page 13 of 42



U.S.

60

Patent

Jan. 14, 2003 Sheet 12 of 22 US 6,506,609 B1

50 |- i
40 |- i
30 IJJ/;;._I‘ | | ol —es bl [ il ) LhL I e

20 - 1

60

50

40

30

20

10

4480
Time (sec)
Fig. 12

SR IOREVY LIV SOV T S A A
R S TR . S I RN SRR SR
wﬂﬂ]ﬁ_ﬂi* il MLMIL AL
—I T I' 111 I F I S | I Lo | [ B T | I 1 L4 I' 1 |_

4200

4210

4220 4230 4240

Time (sec)

4250 4260 4270

Fig. 13

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 14 of 42



U.S. Patent Jan. 14, 2003 Sheet 13 of 22 US 6,506,609 B1

HL-60 Cells- 4 hr CPT

20 —mmr———m——m4————+r——7-r—
30 Apoptotic (26.6%)
150 | 10 Dead (8.8%)
73 Alive (64.6%)
w0
L? 100 o .
> '
£ ' .
> R ’
3 50 JETIRE . J
c
< Vin o, y
0} * ou. [ XYY W] .
_50 PRI SR NS T RS RS T R R R
-5 0 5 10 15 20
Calcein
HL-60 Cells- 4 hr DMSO
200 T T T TP T
1 Apoptotic (1%) 1
150 4 Dead (4%) .
. 94 Alive (95%) ]
9 |
3 100 §
>I -4
£ ]
> 50 -
= . -
< .
0 - ...“.-l [l ) ® _-
-50 | 1 P - i
-5 0 5 10 15 20
Calcein
Fig. 14

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 15 of 42



U.S. Patent Jan. 14, 2003 Sheet 14 of 22 US 6,506,609 B1

% Apoptotic Cells % Apoptotic Cells

% Apoptotic Cells

HL-60 Cells- Annexin-V Binding

35 - T N T 1 T T T T N N N T T 4
30 £ ?
25 £ - E
208 o o S & A
15 @ % - Q £ = O\
E S = o s N O =
10Eg O a Q a £ <\
5 E 2 < = = <
E A = o~ E
o :rrr'rn-rrn OTTTILITH , 7T n asnnnunniif
Treatment
15 U937 Cells- Annexin-V Binding
10 B o) 5
o) 8 % = % 8 ?5 5
SF B 9 f - o~ Q <\
E o ~ N E .
3 c — <
o b e AT A e
Treatment
Jurkat Cells- Annexin-V Binding
25 ¢ : . . . —————
)
20 b £ ° :
SIS ) S = Q - ]
15 F UO) s o g 8): @) B
= o Q @ < g I
10F O < = ~ N a O |4
5L = < i i
A e

Treatment

Fig. 15

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 16 of 42



U.S. Patent Jan. 14, 2003 Sheet 15 of 22 US 6,506,609 B1

1602

1604——|

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 17 of 42



U.S. Patent Jan. 14, 2003 Sheet 16 of 22 US 6,506,609 B1

—

19991219004

P
Fluorescence Intensity (a.u.)
Fig. 18

o (] o o o
Yol ~r [3p] (9]

90
80
70
6

Aouanbal4

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 18 of 42



U.S. Patent Jan. 14, 2003 Sheet 17 of 22 US 6,506,609 B1

»

TP TP T T T TI T T i T T T T T T i T T TTTI

19991219003
Fig. 19

®
Fluorescence Intensity (a.u.)

i Titzreee—

90
80
70
60
50
30
20
10

0

Q

40

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 19 of 42



U.S. Patent Jan. 14, 2003 Sheet 18 of 22 US 6,506,609 B1

Fig. 20

19991219005
,-Lb
Fluorescence Intensity (a.u.)

Frr1rTrrrirrrr T rr T T T P T T T T T T T T T T T T

-HHHHH(HHHHHHmmHHHHH !
K

80
70
50
20
10
0
Q

60
40
30

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 20 of 42



U.S. Patent Jan. 14, 2003 Sheet 19 of 22 US 6,506,609 B1

2104 2102

Fig. 21

2104 2104

b O ¢

Ole &

~-—2100

Pre @ G

~~2206

Fig. 22

. ——2202

=)
- | 2004

Oy -—2202

2202 .

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 21 of 42



U.S. Patent Jan. 14, 2003 Sheet 20 of 22 US 6,506,609 B1

Fig. 23
¢ 2302
[ J
OIO
2300
Fig. 24

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 22 of 42



U.S. Patent Jan. 14, 2003 Sheet 21 of 22 US 6,506,609 B1

35
30
25
3
c 20
Q
5
o
L 15
L
10
5
0 m n ol el dl o o
T T T o A T AT e T T T T e A T e T T T T T AT T T e T
Vb A DN @ © YOS > D
Fluorescence Intensity (a.u.)
Fig. 25A
20
18
16
14 H
- 12 o
Q -
j s
S 10
o 1
o
w 8
6 L —
4 i L
2 | ‘I’
0 |II|IlIHHllllllﬂIIIIIIIIIIIIIIlIIIIIImIH!IHIIIIIIT | E T -!IIIIIIIIHIIIH|IIIIII|IIII[|III|-I|[-1
\—I\COO‘)LOPI\(V)CDLDrI\C‘QO‘)LD\—I\OOO‘JLD
S22 T DT MO oo N~NN®©OO O QO -
O O O O O O O C C O O O 0O O O O O «— — «—

Fluorescence Intensity (a.u.)

Fig. 258

Cytonome/ST, LLC Exhibit 2030

NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 23 of 42



U.S.

1

—_

Frequency

Patent

4

Jan. 14, 2003 Sheet 22 of 22 US 6,506,609 B1

I

]

$

N

NG

S

T T T T T T I T T I T T T I A T A T e AT T T AT T T i

L 1
w @
o

T
s &
SRR

LR ARARRARRARRARRRRARRREES
I &
[NY Q> INY

D

>

\p)

~N
N

>
>

&

NS

W

>

03\
N
Fluorescence Intensity (a.u.)

Fig. 25C

451

40

354

30+

254

20

15

10

TTTTTTTTTITTITTI I T T T I T T T T I T I T T I T T T T I T T T T I TTITITTT

O 1

L1 1 111]] 1 t

f
10’ 103 )

Fluorescence Signal

Fig. 26

Cytonome/ST, LL.C Exhibit 2030
NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548
Page 24 of 42



US 6,506,609 B1

1

FOCUSING OF MICROPARTICLES IN
MICROFLUIDIC SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is related to and claims priority to and the
benefit of provisional application 60/134,472, filed May 17,
1999, Wada et al., “Focusing of Microparticles in Microf-
luidic Systems,” pursuant to 35 U.S.C. §119(e), as well as
any other applicable statute or rule. This priority application
is incorporated herein in its entirety for all purposes.

COPYRIGHT NOTIFICATION

Pursuant to 37 CFR. 1.71(e), Applicants note that a
portion of this disclosure contains material which is subject
to copyright protection. The copyright owner has no objec-
tion to the facsimile reproduction by anyone of the patent
document or patent disclosure, as it appears in the Patent and
Trademark Office patent file or records, but otherwise
reserves all copyright rights whatsoever.

BACKGROUND OF THE INVENTION

A variety of cell-based assays are of considerable com-
mercial relevance in screening for modulators of cell-based
activity. For example, compounds which affect cell death
can have profound biological activities and are desirably
screened for in cell-based assays. Cell death has become
recognized as a physiological process important in normal
development, hormonal regulation of various tissues, and,
e.g., in regulation of the receptor repertoires of both T and
B lymphocytes. The finding that a pattern of morphological
changes is common to many examples of programmed cell
death (or PCD) led to the suggestion of a common
mechanism, and the term “apoptosis” was defined to include
both the morphological features and the mechanism com-
mon to such programmed cell death (Kerr et al., Br J.
Cancer 26:239). This concept was extended by the finding
that nuclear DNA fragmentation correlates well with apop-
totic morphology (Arends et al., Am. J. Pathol. 136:593
(1990)), and the scientific literature contains many examples
of PCD accompanied by these features. There are also clear
examples of PCD in the absence of apoptotic morphology or
DNA fragmentation (Clarke, Anat. Embryl. 181:195 (1990),
Martin et al,J. Cell Biol. 106:829 (1988), and Ishigami et al.,
J. Immunol. 148:360 (1992)).

Cell-based assay systems model relevant biological
phenomena, and have generally been widely adopted as
screening assays, e.g., when screening for a compound’s
effect(s) on apoptosis or other biological phenomena. Pio-
neering technology providing cell- and other particle-based
microscale assays are set forth in Parce et al. “High
Throughput Screening Assay Systems in Microscale Fluidic
Devices” WO 98/00231; in PCT/US00/04522, filed Feb. 22,
2000, entitled “Manipulation of Microparticles In Microf-
luidic Systems,” by Mehta et al.; and in PCTUS00/04486,
filed Feb. 22, 2000, entitled “Devices and Systems for
Sequencing by Synthesis,” by Mehta et al.

Other cell-based assays include various methods for the
preparative or analytic sorting of different types of cells. For
example, cell panning generally involves attaching an
appropriate antibody or other cell-specific reagent to a solid
support and then exposing the solid support to a heteroge-
neous cell sample. Cells possessing, e.g., the corresponding
membrane-bound antigen will bind to the support, leaving
those lacking the appropriate antigenic determinant to be
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washed away. Other well-known sorting methods include
those using fluorescence-activated cell sorters (“FACSs”).
FACSs for use in sorting cells and certain subcellular
components such as molecules of DNA have been proposed
in, e.g., Fu, A. Y. et al. (1999) “A Microfabricated
Fluorescence-Activated Cell Sorter,” Nat. Biotechnol.
17:1109-1111; Unger, M., et al. (1999) “Single Molecule
Fluorescence Observed with Mercury Lamp Ilumination,”
Biotechniques 27:1008-1013; and Chou, H. P. et al. (1999)
“A Microfabricated Device for Sizing and Sorting DNA
Molecules,” Proc. Nat’l. Acad. Sci. 96:11-13. These sorting
techniques utilizing generally involve focusing cells or other
particles by flow channel geometry.

While cell-based assays are generally preferred in certain
microscale screening applications, certain of these assays
are difficult to adapt to conventional notions of high-
throughput or ultra high-throughput screening assay sys-
tems. For example, one difficulty in flowing assay systems
is that, during pressure-based flow of fluids in channels,
non-uniform flow velocities are experienced. Faster fluid
and material flow is observed in the center of a moving fluid
stream than on the edge of a moving fluid stream. This
non-uniform flow velocity reduces throughput for flowing
assays, because assay runs have to be spaced well apart in
the fluid stream to prevent overlap of materials moving at
different velocities.

Accordingly, it would be advantageous to provide mecha-
nisms for facilitating cell-based assays, including cell sort-
ing techniques, especially in microscale systems. Additional
microscale assays directed at subcellular components, such
as nucleic acids would also be desirable. The present inven-
tion provides these and other features which will become
clear upon consideration of the following.

SUMMARY OF THE INVENTION

The present invention relates to methods of focusing
particles in microchannels, e.g., to improve assay
throughput, to sort particles, to count particles, or the like. In
the methods of the invention, cells and other particles are
focused in the center of, to one side of, or in other selected
regions of microscale channels, thereby avoiding, e.g., the
above noted difficulties inherent in pressure-based flow of
particles. Furthermore, the device structures of the present
invention are optionally integrated with other microfluidic
systems. Other reactions or manipulations involving cells,
other particles, or fluids upstream of the detection zone are
also optionally performed, e.g., monitoring drug interactions
with cells or other particles.

In one aspect, the invention provides methods of provid-
ing substantially uniform flow velocity to particles flowing
in a first microchannel. In the methods, the particles are
optionally flowed in the microchannel, e.g., using pressure-
based flow, in which the particles flow with a substantially
non-uniform flow velocity. Prior to performing the flowing
step, the particles are optionally sampled with at least one
capillary element, e.g., by dipping the capillary element into
a well containing the particles on a microwell plate and
drawing the particles into, e.g., reservoirs, microchannels, or
other chambers of the device. The particles (e.g., a cell, a set
of cells, a microbead, a set of microbeads, a functionalized
microbead, a set of functionalized microbeads, a molecule,
a set of molecules, etc.) are optionally focused horizontally
and/or vertically in the first microchannel to provide sub-
stantially uniform flow velocity to the particles in the first
microchannel. Particles are optionally focused using one or
more fluid direction components (e.g., a fluid pressure force
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modulator an electrokinetic force modulator, a capillary
force modulator, a fluid wicking element, or the like).
Additional options include sorting, detecting or otherwise
manipulating the focused particles.

The particles are horizontally focused in the
microchannel, e.g., by introducing a low density fluid and a
high density fluid into the microchannel, causing the par-
ticles to be focused in an intermediate density fluid present
between the high density fluid and the low density fluid. The
particles are also optionally focused in a top or a bottom
portion of the microchannel by introducing a high or a low
density fluid into the microchannel with the flowing par-
ticles. The particles are vertically or horizontally focused in
the microchannel, e.g., by simultaneously introducing fluid
flow from two opposing microchannels into the first micro-
channel during flow of the particles in the first channel.
Vertical focusing is also optionally achieved to one side of
a microchannel by simultaneously introducing fluid flow
from, e.g., a second microchannel into the first microchannel
during flow of the particles in the first microchannel.

In another aspect, the invention also provides particle
washing or exchange techniques. For example, focused cells
or other particles are optionally washed free of diffusible
material by introducing a diluent into the first microchannel
from at least a second channel and removing the resulting
diluted diffused product comprising diluent mixed with the
diffusible material through at least a third microchannel.

Alternating arrangements of diluent input and diffused
product output channels are also optionally used to further
wash the particles. For example, in one aspect the methods
of the invention include simultaneously introducing the
diluent into the first microchannel from the second micro-
channel and a fourth microchannel, where the second and
fourth microchannel intersect the first microchannel at a
common intersection region. Optionally, the methods
include sequentially introducing the diluent into the first
microchannel from the second microchannel and a fourth
microchannel, wherein the second and fourth microchannels
intersect the first microchannel at an offset intersection
region. The diffused product is typically removed through
the third microchannel and a fifth microchannel, which third
and fifth microchannels intersect the first microchannel at a
common intersection region. In further washing steps, the
diluent is introduced through sixth and seventh microchan-
nels which intersect the first microchannel at a common
intersection. The resulting further diluted diffused product is
removed through eighth and ninth microchannels, which
intersect the first microchannel at a common intersection.
Diluent is optionally introduced into the first microchannel
by pressure or electrokinetic flow.

In one preferred assay of the invention, the particles are
cells and the method includes performing a TUNEL assay or
an Annexin-V assay on the cells in the channel to measure
apoptosis.

Integrated systems for performing the above methods,
including the particle sorting embodiments, are also pro-
vided.

An integrated system for providing substantially uniform
flow velocity to flowing members of at least one particle
population in a microfluidic device optionally includes a
body structure that includes at least a first microchannel
disposed therein. A first fluid direction component (e.g., a
fluid pressure force modulator) is typically coupled to the
first microchannel for inducing flow of a fluidic material that
includes the members of the at least one particle population
in the first microchannel. The first fluid direction component
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generally induces non-uniform flow. A source of at least one
fluidic material is optionally fluidly coupled to the first
microchannel. The system also optionally includes at least a
second microchannel that intersects the first microchannel
for introducing at least one fluid into the first microchannel
to horizontally or vertically focus the members of the at least
one particle population in the first microchannel. The at least
one fluid is optionally introduced using a second fluid
direction component that includes one or more of a fluid
pressure force modulator, an electrokinetic force modulator,
a capillary force modulator, a fluid wicking element, or the
like. At least one flow control regulator for regulating flow
of the fluidic material or the fluid in the first or second
microchannel is also optionally provided. A computer
including an instruction set directing simultaneous flow of
the members of the at least one particle population in the first
microchannel and simultaneous introduction of the at least
one fluid from the second microchannel into the first micro-
channel is optionally also operably coupled to a fluid move-
ment system for directing flow of materials in the micro-
channels.

As a further option, this integrated system additionally
includes at least a third microchannel which intersects the
first microchannel in an intersection region common to the
second microchannel. The flow control regulator of this
system optionally further regulates flow of the at least one
fluid in the second and the third microchannels. In this
embodiment, the computer typically also includes an
instruction set for simultaneously flowing fluids from the
second and third microchannels into the first microchannel.

In particle washing systems, typically, at least fourth and
fifth channels which intersect the first microchannel at a
common intersection downstream of the second and third
microchannels are provided. The computer further includes
an instruction set for simultaneously flowing material from
the first microchannel into the fourth and fifth microchan-
nels. Sixth and seventh microchannels which intersect the
first microchannel at a common intersection downstream of
the fourth and fifth microchannels, with the computer further
comprising an instruction set for simultaneously flowing
material from the sixth and seventh microchannels into the
first microchannel are optionally provided. Similarly, eighth
and ninth microchannels which intersect the first microchan-
nel at a common intersection downstream of the sixth and
seventh microchannels, the computer further including an
instruction set for simultaneously flowing material from the
first microchannel into the eighth and ninth microchannels
are optionally provided.

The integrated system optionally includes sources for any
reagent or particle used in the methods noted above, such as
one or more sources of terminal deoxynucleotide
transferase, one or more sources of one or more fluorescein
labeled nucleotides or other labeled polynucleotides, one or
more sources of Annexin V, one or more sources of an
AnnexinV-biotin conjugate, one or more sources of a DNA
dye, one or more sources of Campthotecin, one or more
sources of Calcein-AM, one or more sources of a control
cell, one or more sources of a test cell, etc.

Signal detector(s) mounted proximal to the first micro-
channel for detecting a detectable signal produced by one or
more of the members of the at least one particle population
in the microchannel are typically provided in the integrated
systems of the invention. The detector also optionally
includes, e.g., a fluorescent excitation source and a fluores-
cent emission detection element. Optionally, the computer is
operably linked to the signal detector and has an instruction
set for converting detected signal information into digital
data.
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The integrated system of the present invention is also
optionally used to sort the members of a particle population
(e.g., a cell, a set of cells, a microbead, a set of microbeads,
a functionalized microbead, a set of functionalized microbe
ads, a molecule, a set of molecules, or the like). In this
embodiment, the integrated system typically additionally
includes a third and a fourth microchannel which intersect
the first microchannel downstream from the intersection of
the second microchannel with the first microchannel. The
fourth microchannel also generally intersects the first micro-
channel downstream from the intersection of the third
microchannel with the first microchannel. The flow control
regulator of this system optionally further regulates flow of
the at least one fluid in the third or the fourth microchannels.
Furthermore, the signal detector typically detects a detect-
able signal produced by a selected member of the particle
population between the intersections of the second and the
third microchannels with the first microchannel.

In this particle sorting embodiment, the computer is
optionally operably linked to the first or other fluid direction
component(s), the flow control regulator, and the signal
detector. Additionally, the instruction set typically directs
simultaneous introduction of the at least one fluid from the
third microchannel into the first microchannel to horizon-
tally or vertically focus the selected member of the particle
population such that the selected member is directed into the
fourth microchannel in response to the detectable signal
produced by the selected member. Optionally, the instruction
set further directs simultaneous introduction of the at least
one fluid from the third microchannel by activating a heating
element (e.g., a Joule heating clectrode, a conductively
coated microchannel portion, etc.) disposed within the third
microchannel or a well that fluidly communicates with the
third microchannel.

In another embodiment, at least a portion of the first
microchannel optionally includes a separation element dis-
posed therein. The separation element optionally includes,
e.g., two sides and at least a portion of the separation
element is typically disposed upstream of the fourth micro-
channel. In this embodiment, a selected member of the
particle population is generally directed to one of the two
sides of the separation element and into the fourth micro-
channel that intersects the first microchannel in response to
the detectable signal produced by the selected member.

The integrated system for use in particle sorting also
optionally includes a fifth microchannel which intersects the
first microchannel in an intersection region common to the
second microchannel. In this case, the flow control regulator
also typically regulates flow of the at least one fluid in the
second and the fifth microchannels, and the computer
optionally includes an instruction set for simultaneously
flowing fluids from the second and the fifth microchannels
into the first microchannel. Similarly, the system also
optionally includes a sixth microchannel which intersects
the first microchannel in an intersection region common to
the third microchannel. In this embodiment, the flow control
regulator optionally additionally regulates flow of the at
least one fluid in the third and the sixth microchannels.
Furthermore, the computer also typically includes an
instruction set for flowing fluids from the third and the sixth
microchannels into the first microchannel. Optionally, the
instruction set directs individual or simultaneous fluid flow
from the third and sixth microchannels by individually or
simultaneously activating at least one heating element (e.g.,
a Joule heating electrode, a conductively coated microchan-
nel portion, or the like) disposed within each of the third and
sixth microchannels or within at least one well that fluidly
communicates with each of the third and sixth microchan-
nels.
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Many additional aspects of the invention will be apparent
upon review, including uses of the devices and systems of
the invention, methods of manufacture of the devices and
systems of the invention, kits for practicing the methods of
the invention and the like. For example, kits comprising any
of the devices or systems set forth above, or elements
thereof, in conjunction with packaging materials (e.g.,
containers, sealable plastic bags, etc.) and instructions for
using the devices, e.g., to practice the methods herein, are
also contemplated.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A is a schematic showing focusing of cells in a
microscale system by simultaneous flow from side channels
into a main channel through which the cells are being
flowed. FIG. 1B is a photomicrograph of focused labeled
cells flowing in a microchannel.

FIG. 2A is a schematic of a microfluidic system with a
pressure-source (in this case a vacuum source) for achieving
fluid movement. FIG. 2B shows a cross-sectional view down
a channel having high, medium and low fluid density.

FIG. 3 is a schematic drawing of a microfluidic system
adapted to washing reagents from microparticles.

FIG. 4 is a data graph illustrating a control analysis, e.g.,
U937 cells not treated to induce apoptosis. The bottom line
corresponds to the SYTO®-62, which indicates the mere
presence of cells, whereas the top line corresponds to the
fluorescein end labeled nucleic acids.

FIG. 5 is a data graph illustrating U937 cells treated with
Campthotecin to induce apoptosis. As can be seen, corre-
sponding peaks are seen on both the lower and upper lines,
indicating the presence of apoptotic cells.

FIG. 6 is a data graph illustrating an analysis of U937 cells
that were not treated to induce apoptosis. In this case, the
bottom line indicates live cell count (Calcein), while the top
line indicates the presence of apoptotic cells (Annexin-V-
Cy5). As can be seen, a few apoptotic cells are present
within the control experiment.

FIG. 7 is a data graph showing an analysis of U937 cells
treated with Campthotecin to induce apoptosis. The top trace
includes a much greater number of peaks representing
apoptotic cells, and particularly as a percentage of total cells
in the analysis, e.g., as compared to the lower line.

FIG. 8 is a data graph showing results from a TUNEL
assay with HL-60 cells treated with Campthotecin for 6
hours to induce apoptosis. The bottom line traces the total
cell count. The top line traces apoptotic cells labeled at DNA
damage points. In this case, almost all cells had sustained
apoptotic DNA damage.

FIG. 9 is a data graph showing results from a TUNEL
assay. HL-60 cells (not treated for apoptosis) were used as
control cells. The bottom trace is for SYTO®-62 indicating
total cell count. The top trace is for fluorescein labeled
nucleotide which signifies the presence of apoptosis related
DNA damage.

FIG. 10 is a data graph showing results from TUNEL
assays from FIGS. 8 and 9 analyzed using appropriate
software. Data is presented as scatter plot format in FIG. 10.

FIG. 11 is a data graph showing results from TUNEL
assays from data represented in bar graph format. Additional
data for different time points and two other cell lines is
included.

FIG. 12 is a data graph showing an Annexin-V assay.
HL60 cells were treated with Campothotecin for four hours
to induce apoptosis. The bottom trace indicates live cell
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count (Calcein). The top trace indicates Annexin-V-Cy5
labeling. Cells labeled only for Calcein are live cells and not
apoptotic. In this case, almost all cells are apoptotic.

FIG. 13 is a data graph showing an Annexin-V assay.
HL-60 cells (not treated for apoptosis) are control cells. The
bottom trace indicates live cell count. The top trace indicates
Annexin-V-Cy5 labeling. Cells labeled with both dyes are
apoptotic. Cells labeled only for Annexin-Cy5 are dead
cells. In this case, only a few cells were apoptotic.

FIG. 14 is a data graph showing data analysis of FIGS. 12
and 13. Data is presented in scatter plot format in FIG. 14.

FIG. 15 is a data graph showing data represented in bar
graph format.

FIG. 16 shows a “T-junction” microchannel configuration
for hydrodynamically focusing cells for use in, e.g., flow
cytometry.

FIG. 17 depicts a chip design used to conduct fluores-
cence population focusing experiments.

FIG. 18 is a histogram showing the distribution of results
obtained in a fluorescence intensity population experiment
conducted utilizing hydrodynamic focusing.

FIGS. 19 and 20 are histograms showing the distribution
of results obtained in fluorescence intensity population
experiments conducted in the absence of hydrodynamic
focusing.

FIG. 21 is a microchannel network that is optionally
utilized to hydrodynamically focus particles.

FIG. 22 is a schematic illustration of a particle sorting
configuration utilizing sets of opposing microchannels to
focus and/or otherwise direct the flow of the members of,
e.g., a cell population to achieve cell sorting.

FIG. 23 is a schematic representation of a microchannel
configuration that includes one separation element embodi-
ment.

FIG. 24 is a schematic depiction of a microchannel
configuration that includes Joule heating electrodes for use
in particle sorting.

FIGS. 25A, B, and C are histograms showing the distri-
bution of results obtained in resolution experiments using
various microbead concentrations.

FIG. 26 is a histogram showing the distribution of results
obtained in a resolution experiment using viable cells
stained with an intercalating dye.

DETAILED DISCUSSION OF THE INVENTION

The invention relates to particle focusing to improve
assay throughput by regularizing flow velocity. As used
herein, the term “particle” refers to a discretely describable
material element, such as a cell, microbead (e.g., function-
alized or non-functionalized), molecule (e.g., a nucleic acid,
a polypeptide, etc.), or the like. For example, a particle
typically includes, e.g., a soluble or non-soluble component
of a fluid mixture, such as a solubilized or suspended
molecule, liposome, cell, organelle, bead, or the like.
Ordinarily, the particle is a detectable unit; for example, in
the case of molecular particles, the particle is detectable,
e.g., via a label. Similarly, microbeads and cells are detected,
e.g., optically or through an associated label (this detection
is also optionally, e.g., optical or via fluorescence).

The following provides details regarding various aspects
of the methods of focusing particles, e.g., vertically and/or
horizontally within the microscale systems of the invention.
It also provides details pertaining to methods of washing
cells and to particular assays, such as cell viability
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screening, which are optionally performed using the meth-
ods and devices of the present invention. Devices and
integrated systems are also discussed extensively.

Laminar Flow Vertical Focusing of Cells and Other Particles
in Microscale Systems

Microfluidic hydrodynamic focusing is a highly effective
technique when used, e.g., in flow cytometry applications,
such as the assessment of live/dead cell ratios, the analysis
of transfection efficiencies, the sizing of various molecular
components (e.g., polynucleotides, polypeptides, etc.), the
study of apoptosis, or the like. Fluid flow streams are
optionally “pinched” or “focused” into a narrow region of a
microchannel to facilitate single particle or narrow stream-
line detection using a variety of optical detection schemes
(discussed further, below). In one embodiment, particle
focusing is achieved electrodynamically (see also, Ramsey
et al., “Apparatus and Method for Performing Electrody-
namic Focusing on a Microchip,” U.S. Pat. No. 5,858,187,
issued Jan. 12, 1999). In other preferred embodiments,
pressure, Joule heating, and/or other fluid movement meth-
ods are used to focus cells or other particles.

As used herein, a “vertically” focused particle stream
refers to a particle stream that is substantially focused,
pinched, narrowed, or otherwise confined along or proximal
to a plane that extends, in one dimension, from the highest
to the lowest internal surface of a microchannel (e.g., along
the length of a cross-sectional line or axis of the
microchannel), and along a selected length of the
microchannel, in another dimension, when the microfluidic
device is oriented for typical operational usage. A vertically
focused particle stream corresponds to a plane that is ori-
ented approximately 90° from a plane in which a horizon-
tally focused particle stream (discussed below) would be
oriented.

Vertical focusing is optionally achieved by flowing fluids
into a microchannel (e.g., from one or more sides of the
microchannel) in which a particle stream is flowing to focus
the particles along or proximal to the vertical plane having
a dimension that corresponds to a selected vertical line or
axis of the microchannel. The level of focusing along or
proximal to the vertical plane is optionally varied.
Furthermore, as indicated, a particle stream is also option-
ally vertically focused away from the vertical cross-sectional
axis, e.g., to one side of a microchannel. An additional
option includes simultanecously horizontally and vertically
focusing a particle stream to position the stream within a
desired region of a microchannel.

For example, the measurement of fluorescent signals
associated with single cells (or other particles) in microflu-
idic channels is difficult if the cells or particles are randomly
disbursed in the channels. The channels are usually about
100 pm or larger in width to prevent clogging by particle
aggregates; however, particles such as cells are typically on
the order of 10 #m in diameter. An interrogating light beam
is focused on a spot usually much less than the 100 gm width
of the channel. As a result, it is useful, e.g., to center particles
in the channel, to position particles to one side of a channel,
or to otherwise focus flowing particles in a portion of a
channel prior to detection to obtain accurate fluorescent
readings on all the particles passing through the channel.

FIG. 1A shows an example cell (or other particle) analysis
chip design for on-chip focusing. The microchannel network
geometry includes a cross formed by four microchannels
that intersect in a common intersection region. FIG. 1B
shows a photormicrograph of this microchannel configura-
tion with focused labeled cells flowing in a main or analysis
microchannel. Cells or other particles are optionally flowed
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in the main microchannel and/or focused using various
methods, which include the use of electrokinetic forces,
pressure gradients, surface tension gradients, gravitational
forces, or the like. Furthermore, combinations of these fluid
flow/focusing methods are also optionally used. A preferred
method of flowing particles in the main microchannel uti-
lizes pressure-based flow.

In the embodiment depicted in FIG. 1, cells 100 (or other
particles) are typically flowed from one microchannel into
the cross-junction and focused by introducing hydrody-
namic flows 102 from the two orthogonal microchannels.
Non-orthogonal (e.g., opposing or non-opposing) micro-
channels are also optionally used. For example, as discussed
herein, particles are optionally focused with a single focus-
ing microchannel, or alternately, by using a series of offset
focusing microchannels to achieve focusing by serial intro-
duction of fluids from the offset channels. As depicted in
both panels of FIG. 1, cells 100 are optionally constrained to
the center of a detection microchannel downstream from the
two orthogonal microchannels by hydrodynamic flows 102
introduced from both sides as cells 100 pass through detec-
tor 104. Using these methods, an experiment is optionally
conducted which uses, e.g., a small optical detection system
on the order of the size of the particular cell or other particle
being analyzed to derive accurate and precise measure-
ments.

FIG. 21 depicts a microchannel network that is optionally
used to hydrodynamically focus particles, e.g., cells,
microbeads, molecules, or the like in parallel through com-
mon detection zone 2100. For example, five cell suspensions
are typically loaded into wells 2102 and flowed towards
common detection zone 2100. Cell buffer solutions are also
typically loaded into particular wells (e.g., well 2104) in the
device and flowed towards common detection zone 2100. As
shown, in the region just prior to common detection zone
2100, each microchannel in which cells are flowed intersects
with two buffer flowing microchannels in a cross-
configuration to focus the cells as they pass through com-
mon detection zone 2100.

In another embodiment of these methods, a “T-junction”
microchannel geometry is optionally used to focus cells or
other particles 1600 to one side of detection microchannel
1604. (FIG. 16). As shown in FIG. 16, a “T-junction”
typically includes an orthogonal intersection of two micro-
channels. However, microchannel geometries that include
non-orthogonal intersections are also optionally used (e.g., a
“Y-junction” or the like). In this embodiment, cells or other
particles 1600 are typically flowed from one well 1602 and
pinched to one side of detection microchannel 1604 by only
one other introduced fluid stream 1606 and the wall of
detection microchannel 1604 opposing the “T-junction” as
cells or other particles 1600 pass through detector 1608. This
embodiment generally achieves the same effect as the cross-
microchannel formats, but with the added advantage of
using less space on the microfluidic device due to the use of
one focusing channel, rather than two which, in turn, pro-
vides for greater parallelism or complexity in chip design,
and for more control of the hydrodynamic focusing mecha-
nism.

The focusing of flow to one side of a microchannel also
provides a solution to various problems associated with
controlling fluid flow under lower pressures (e.g., difficulties
regulating fluid direction pumps, etc.). For example, the
resistance produced by pinching fluid materials against
microchannel walls functions to reduce the velocity of the
pinched fluid stream. As a result, pinched fluids are option-
ally flowed under higher pressures, e.g., for greater control,
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while achieving comparable low pressure flow velocities.
Resistance is also altered, e.g., by varying the viscosity of
pinched fluid materials, which provides an added level of
control over flow rates and the extent of fluid pinching.
Focusing Cells Horizontally in a Microchannel

In high throughput screening applications using cells or
microparticles, the throughput is increased if all of the cells
or microparticles move at a common velocity. The parabolic
nature of pressure-based flow causes cells at the center of a
flow stream to move faster than those near the walls of a
channel. This phenomenon causes dispersion in the system
since cells can move from one sample into another. To focus
cells in the center of a channel, high and low density fluid
streams are incorporated into fluid flow of the cells or
particles. The high density fluid keeps the cells or other
microparticles off of the bottom of the channel, while the
low density fluid keeps cells or microparticles off of the top
of the microchannel, thereby focusing the cells in the center
of the fluid stream. Even after diffusion brings the high, low,
and middle density fluids into equilibrium, the cells gener-
ally remain focused in the center of a microchannel.
Optionally, the point in the microchannel in which the high
and low density fluids are flowed into the main channel is
deeper than other channel regions to improve distribution of
the different density fluids.

A “horizontally” focused particle stream, as used herein,
refers to a particle stream that is substantially focused,
pinched, narrowed, or otherwise confined along or proximal
to a plane that extends, in one dimension, from one sub-
stantially vertical internal microchannel surface to another
(e.g., substantially parallel to the dimension of the lowest
internal microchannel surface that extends from one vertical
internal surface to another), and along a selected length of
the microchannel, in another dimension, when the microf-
luidic device is oriented for typical operational usage. A
horizontally focused particle stream corresponds to a plane
that is oriented approximately 90° from a plane in which a
vertically focused particle stream (discussed above) would
be oriented.

As mentioned, horizontal particle focusing typically
involves using focusing fluids having densities that differ
relative to the density of a particle stream. For example,
higher density fluids are optionally used to substantially
prevent the particle stream from contacting the lowest
internal surface of the microchannel over a particular length.
In contrast, a less dense focusing fluid is optionally used to
substantially prevent the particle stream from contacting the
highest internal surface of the microchannel over a selected
length. Additionally, both lower and higher density focusing
fluids are optionally flowed simultaneously to substantially
prevent the particle stream from contacting either the highest
or lowest internal microchannel surfaces. The extent of
horizontal focusing achieved is optionally regulated, e.g., by
varying the density and/or the volume of focusing fluid
flowed into a microchannel. A further option includes simul-
taneously horizontally and vertically focusing a particle
stream to position the stream within a desired region of a
microchannel.

FIG. 2A is a schematic representation of a microfluidic
system that uses vacuum source 210 to achieve fluid move-
ment. In this embodiment, test compounds are typically
flowed through capillary channel 200 (capillary channels or
elements are discussed in greater detail, below) into a
detection microchannel of the device. High density buffer
and low density buffer are optionally flowed into the detec-
tion microchannel through high density buffer microchannel
202 and low density buffer microchannel 204, respectively,
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both of which intersect the detection microchannel upstream
from detector 208. Cell microchannel 206 typically inter-
sects the detection microchannel downstream from the inter-
sections of high density buffer microchannel 202 and low
density buffer microchannel 204, but upstream from detector
208. Cells in medium density buffer are typically flowed into
the detection channel from cell microchannel 206, becoming
focused between the high and low density buffers, and
exposed to the test compounds prior to flowing through
detector 208. FIG. 2B shows a cross-sectional view down
the detection microchannel which includes low density
buffer 214, cells 212, and high density buffer 216.

Fluid density-based focusing also optionally entails
focusing cells or other particles either at the top or the
bottom of a microchannel. For example, a high density fluid
is optionally flowed into a microchannel to keep cells or
other particles off of the bottom of the microchannel, i.e.,
focused at the top of the microchannel. Alternatively, a low
density fluid is flowed into a microchannel to keep cells or
other particles off of the top of the microchannel, i.e.,
focused on the bottom of the microchannel.

It is also worth noting that horizontal and vertical focus-
ing are optionally both performed to center cells vertically
and horizontally in the center of microscale channels.
Furthermore, the extent of hydrodynamic focusing, using
either or both methods, is typically controlled by a variety of
variables including viscosity in pressure driven flows, elec-
trokinetic mobility in electrokinetic flow, fluid density in
gravity driven flow, or the like. As will be recognized by
those of skill, the enhanced control of focusing, provided by
the present invention, allows for a large gamut of flow-based
applications, including any particle and/or bulk fluid appli-
cation that involves small, uniform detection regions.

Use of Focusing to Sort Particles

The separation of fluorochrome-labeled cells with
fluorescence-activated cell sorters is well-known in the art,
as mentioned above. In brief, the technique generally
involves incubating a mixed population cells with a
fluorescently-labeled antibody against a specific antigenic
determinant displayed on the surfaces of target cells. The
suspension of cells is then typically expelled, one cell at a
time, from a sample chamber of the device through a small
vibrating nozzle that generates microdroplets. Each micro-
droplet contains a single cell that the FACS assays for the
presence or absence of the fluorochrome label using a laser
source and a detector. Droplets that fluoresce are electrically
charged in proportion to their fluorescence and in turn
separated as they pass between charged plates. General
references describing FACS include, e.g., Kuby, Immunol-
ogy (3 Ed.) WH. Freeman and Company, New York
(1997), Watson, et al., Recombinant DNA (2"¢ Ed.) W.H.
Freeman and Company, New York (1992), and Alberts, et al.
Molecular Biology of the Cell (3 Ed.) Garland Publishing,
Inc., New York (1994). Other references relating to flow
cytometry include, e.g., Radbruch (Ed.) Flow Cytometry and
Cell Sorting, Springer-Verlag, New York (1992), Owens and
Loken, Flow Cytometry Principles for Clinical Laboratory
Practice, Wiley-Liss, New York (1995), and Jarosqeski and
Heller (Eds.) Flow Cytometry Protocols: Methods in
Molecular Biology, Vol. 91, Humana Press (1997).

The present invention provides microfluidic devices and
methods for sorting particles (e.g., fluorescently-labeled
particles) that use hydrodynamic flow to focus and/or sort
the particles. The methods for sorting members of a particle
population (e.g., a cell, a set of cells, a microbead, a set of
microbeads, a functionalized microbead, a set of function-
alized microbeads, a molecule, a set of molecules, or the
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like) typically include flowing the members of a particle
population in a first microchannel. The members of the
particle population are focused horizontally and/or vertically
in the first microchannel such that selected individual mem-
bers are directed into at least a second microchannel that
intersects with the first microchannel.

In one embodiment, a portion of the first microchannel
optionally includes at least one separation element disposed
therein. The separation element generally includes at least
two sides in which at least a portion of the separation
element is disposed upstream of the second microchannel. In
this embodiment, the members of the particle population are
optionally focused horizontally and/or vertically in the first
microchannel such that selected individual members are
directed to at least one of the at least two sides of the
separation element and into, e.g., at least a second micro-
channel that intersects the first microchannel. In other
embodiments, this separation element is omitted.

The focusing steps of the particle sorting methods,
described above, optionally include horizontally and/or ver-
tically focusing the members of the particle population in the
first microchannel by introducing at least one fluid flow
(e.g., a buffer, a high density fluid, a low density fluid, or the
like) from at least a third microchannel that intersects with
the first microchannel upstream from, e.g., the second
microchannel. This is optionally performed by any method
for flowing fluid in a microfluidic device, including electro-
kinetic flow, pressure-based flow, and the like.

For example, methods employing electrostatic forces to
transport and focus samples generally involve inducing
sample flow in a transport channel by applying a first
electrical potential to the channel. Thereafter, a second
electrical potential is typically applied to focusing channels
that intersect with the transport channel in a cross-
configuration to vertically focus the transported sample in
the enter of the transport channel. This electrokinetic-based
system is also optionally utilized to direct or “nudge”
flowing samples to effect a sorting function, e.g., by apply-
ing an electrical potential to at least one of the intersecting
focusing channels to direct sample flow towards or away
from that focusing channel and into, e.g., an additional
intersecting channel or into a channel region. That is,
electrokinetic force can be applied to “nudge” materials
across the width of a first channel at an intersection of the
first channel and a second channel, resulting in downstream
focusing of materials in the channel. This application of
electrokinetic force is optionally electrokinetic,
electroosmotic, or both. See also, e.g., Ramsey et al., “Appa-
ratus and Method for Performing Electrodynamic Focusing
on a Microchip,” U.S. Pat. No. 5,858,187, issued Jan. 12,
1999. As mentioned, other alternative techniques for induc-
ing the flow of focusing fluids to sort particles according to
the methods of the present invention include pressure,
hydrostatic, wicking, capillary, and other forces. Fluid direc-
tion components based upon these forces are discussed,
below.

In another embodiment, the fluid flow is induced by
heating (e.g., Joule heating, etc.) a fluid in the third micro-
channel. Alternatively, the focusing steps include horizon-
tally and/or vertically focusing the members of the particle
population in the first microchannel by introducing at least
one fluid flow from at least one of at least a third and at least
a fourth microchannel that oppose one another and that
intersect with the first microchannel upstream from the
second microchannel. Similarly, the fluid flow is optionally
introduced by heating (e.g., Joule heating or the like) a fluid
in at least one of the third or fourth microchannels. Embodi-
ments that involve heat induced fluid flow are discussed
further below.
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FIG. 22 schematically illustrates one particle sorting
configuration utilizing these methods. As shown, cells 2200
are generally flowed in a main microchannel that includes at
least two sets of opposing microchannels for focusing and/or
otherwise directing the flow of cells 2200 using hydrody-
namic flow 2202 (e.g., cell buffer flow). One set of opposing
microchannels is typically located, e.g., upstream from
detector 2204 for simultaneously introducing hydrodynamic
flow 2202 from both microchannels to focus cells 2200, as
described above. A second set of opposing microchannels is
typically located downstream from detector 2204 for intro-
ducing at least one hydrodynamic flow 2202 so as to direct
selected cells 2208 (c.g., fluorescently-labeled cells) and
non-selected cells 2206 into, in this case, one of two
microchannels, each terminating in particular collection
wells 2210.

FIG. 23 schematically depicts a microchannel configura-
tion that includes one embodiment of separation element
2310. In this example, cells 2300 are typically flowed in a
microchannel that intersects with another microchannel
located upstream from detector 2304. The upstream inter-
secting microchannel is optionally used to focus cells 2300
to one side of the microchannel as cells 2300 pass through
detector 2304 using hydrodynamic flow 2302. This illustra-
tion also includes a set of opposing microchannels located
downstream from the detector for introducing at least one
hydrodynamic flow 2302 to direct selected cells 2308 (e.g.,
fluorescently-labeled cells) and non-selected cells 2306 to
either side of separation element 2310 and into, in this case,
one of two microchannels, each terminating in particular
collection wells 2312. Separation element 2310 is optionally
omitted, with cells 2300 or other particles being directed into
destination regions as desired.

The inverse relationship between temperature and viscos-
ity for various buffers, gels, and other materials is also
optionally exploited in the present invention to effect par-
ticle sorting. For example, upon detection of a desired
particle, e.g., a buffer or gel disposed in a downstream
side-channel is typically heated to decrease fluid viscosity
(ie., to induce fluid flow) to thus direct particles within the
microfluidic device. Although any heating source, functional
in the devices of the present invention, is optionally used in
these embodiments, Joule heating is a preferred method.

Joule heating is typically produced by flowing current
through an electrode or other conductive component posi-
tioned within a well, microscale channel, or other cavity
within the device. The resulting flow of current into fluid
within the well, channel, or cavity results in resistive heating
of the fluid. By substantially increasing the current across
the channel, rapid temperature changes are induced that are
optionally monitored by conductivity. Because nanoliter
volumes of fluid have tiny thermal mass, transitions between
temperatures are typically extremely short. For example,
oscillations between any two temperatures above 0° C. and
below 100° C. in 100 milliseconds have been performed.
Thus, the present invention optionally uses power sources
that pass electrical current through, e.g., a focusing channel
region for heating purposes. In exemplary embodiments,
fluid passes through a channel of a desired cross-section
(e.g., diameter) to enhance thermal transfer of energy from
the current to the fluid. The channels are optionally formed
on almost any type of substrate material such as, amorphous
materials (e.g., glass, plastic, silicon), composites, multi-
layered materials, combinations thereof, or the like.

In general, electric current passing through fluid in a
channel produces heat by dissipating energy through the
electrical resistance of the fluid. Power dissipates as the
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current passes through the fluid and goes into the fluid as
energy as a function of time to heat the fluid. The following
well-known mathematical expression generally relates the
power dissipated in a fluid (“P”) to the electric current
passing through the fluid (“I”’) and the electrical resistance of
fluid (“R”):

P=I’R

In these embodiments, a portion of the power goes into
kinetic energy for moving the fluid through the channel.
However, it is also possible to use a selected portion of the
power to controllably heat fluid in a channel or selected
channel regions, e.g., to further induce fluid movement by
reducing fluid viscosity. A channel region suitable for heat-
ing is optionally narrower or smaller in cross-section than
other channel regions in the channel structure, as a smaller
cross-section provides higher resistance in the fluid, which
increases the temperature of the fluid as electric current
passes through. Alternatively, the electric current is
increased across the length of the channel by increased
voltage, which also increases the amount of power dissi-
pated into the fluid to correspondingly increase fluid tem-
perature.

To selectively control the temperature of fluid in a region
of a channel, a power supply applies voltage and/or current
in various ways. For instance, a power supply optionally
applies direct current (i.e., DC) or alternating current (AC),
which passes through the channel and into a channel region
which is, e.g., smaller in cross-section to heat fluid in the
region. Alternatively, a power supply applies a pulse or
impulse of current and/or voltage, which passes through the
channel and into a channel region to heat fluid in the region.
Pulse width, shape, and/or intensity are optionally adjusted,
e.g., to heat the fluid substantially while moving the fluid.
Still further, the power supply optionally applies any com-
bination of DC, AC, and pulse, depending upon the appli-
cation. In practice, direct application of electric current to
fluids in the microchannels of the invention results in
extremely rapid and easily controlled changes in tempera-
ture.

A controller or computer such as a personal computer is
generally used to monitor the temperature of the fluid in the
region of the channel where the fluid is heated. The con-
troller or computer typically receives current and voltage
information from, e.g., the power supply and identifies or
detects fluid temperature in the channel region. The control-
ler or computer also typically receives current information
from an operably connected detector, e.g., when a selected
particle is detected, which triggers the flow of current
through, e.g., one or more Joule heating electrodes. Depend-
ing upon the desired temperature of fluid in the region, the
controller or computer adjusts voltage and/or current to meet
the desired fluid temperature.

In certain embodiments, the region which is heated
optionally includes a “coil” which is typically in a planar
arrangement. Transfer of heat from the coil to a channel
through a substrate material is used to heat the focusing
fluids, gels or other materials disposed in the channel.
Alternatively, the coil itself is optionally the focusing chan-
nel. A voltage is applied between regions of the coil to direct
current through the fluid for heating purposes. In particular,
a power supply provides a voltage differential between
regions of the coil. Current flows between the regions and
traverses a plurality of coils or coil loops, which are defined
by a substrate. The shape and size of the coils typically
influences an ability of current to heat the fluid in the coil.
As current traverses through the fluid, energy is transferred
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to the fluid for heating purposes. Cooling coils are also
optionally included.

One embodiment of Joule heating-based particle sorting is
schematically illustrated in FIG. 24. As shown, particles are
typically flowed from particle well 2400 into main micro-
channel 2402. In the configuration depicted, focusing micro-
channel 2404 intersects with main microchannel 2402 in a
“T-junction” upstream from detector 2408. Similar to the
device represented in FIG. 23 (discussed above), focusing
flow stream 2406 is optionally used to focus or pinch the
particles against the wall of main microchannel 2402 oppos-
ing the “T-junction” as the particles flow through detector
2408. When selected particle 2410 (e.g., a fluorescently-
labeled particle) is detected, an electrical signal from detec-
tor 2408 typically triggers the flow of current to Joule
heating electrodes 2416, which are disposed within wells of
branched particle sorting microchannel 2418. Optionally,
branched particle sorting microchannel 2418 includes more
than two branches or is a single, unbranched microchannel.
Additionally, greater or less than two Joule heating elec-
trodes 2416 are optionally included. Although not shown in
FIG. 24, conductive coatings are also optionally included in
lieu of or in addition to the heating electrodes for effecting
the flow of a focusing fluid.

The heat produced by current flowing from Joule heating
electrodes 2416 raises the temperature of, e.g., a buffer or gel
disposed within branched particle sorting microchannel
2418, thus reducing hydrodynamic resistance in the buffer or
gel. The reduced viscosity, in conjunction with vacuum
source(s) that are typically operably connected to the device
at non-selected particle collection well 2420 and/or selected
particle collection well 2422, induce or increase flow of the
buffer or gel from branched particle sorting microchannel
2418, which intersects main microchannel 2402 downstream
from detector 2408. The induced flow of buffer or gel into
main microchannel 2402 thus deflects or redirects the flow
of selected particle 2410 into selected particle collection
well 2422. In this embodiment, nonselected particle 2412
does not trigger Joule heating/redirecting flow and as such,
flows unimpeded into non-selected particle collection well
2420.

Many alternative embodiments that incorporate Joule
heating to control fluid viscosity and particle flow are
possible. For example, although not shown in FIG. 22, one
or both microchannels of the second set of opposing micro-
channels located downstream from detector 2204 optionally
include one or more Joule heating electrodes (e.g., 1,2, 3, 4,
5, or more electrodes) and/or conductive coating portions.
One or both of the opposing microchannels also optionally
includes a branched channel structure similar to the
branched structure depicted in FIG. 24, above (i.c., branched
particle sorting microchannel 2418). Optionally, one or both
of the opposing microchannels includes greater than two
branches, each branch of which optionally includes one or
more Joule heating electrode(s). In other embodiments,
separation elements, such as those discussed above are
optionally included. Preferred buffers, gels, and other mate-
rials used the in these heating embodiments have relatively
sharp temperature/viscosity transitions in a narrow tempera-
ture range and are generally known in the art. Joule heating
is described further in, e.g., in Ser. No. 08/977,528, entitled
“Electrical Current for Controlling Fluid Temperatures in
Microchannels,” filed Nov. 25, 1997 by Calvin Chow, Anne
R. Kopf-Sill and J. Wallace Parce; and in PCT/US98/06723,
entitled “Closed-Loop Biochemical Analyzers,” filed Apr. 3,
1998, by Knapp.

There are various other techniques that are also optionally
used to heat buffers, gels, and other materials to effect
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particle focusing. For example, resistive heating typically
results from current applied to conductively coated well or
microchannel portions, from one or more electrodes directly
(e.g., a thermocouple, etc.), or the like. Other heating
methods optionally include directing, e.g., light from a laser
source through one or more fiber optic cables to, e.g., wells
that fluidly communicate with focusing channels. Heat from
other external sources is also optionally utilized in the
methods described herein.

Washing Cells in Microfluidic Channel Systems

In one aspect, the invention provides in-system cell wash-
ing capability. This concept is also optionally extended to
washing any other particulate sample. For an extensive
description of microfluidic systems comprising particles,
see, U.S. Provisional Patent Application No. 60/128,643,
filed Apr. 4, 1999, entitled “Manipulation of microparticles
in microfluidic systems,” by Mehta et al. In this
embodiment, diffusible substances such as antibodies,
proteins, salts, drugs, etc. are removed by washing the
materials away from the particles in a microscale system.

For this embodiment of the invention, lateral channels are
placed downstream of the point at which diffusible sub-
stances are present in a central main channel. For example,
as illustrated in FIG. 3, cells flowed from sample well 300
are optionally incubated with labeled antibody flowed from
test compound well 302 in incubation channel region 304,
with lateral channels being placed downstream of incubation
channel region 304. Wash buffer is typically injected simul-
taneously from both sides of the main channel from lateral
wash channels 306. Although not shown, wash buffer is
optionally sequentially introduced into the main channel
from lateral wash channels that intersect the main channel in
an offset intersection region (i.e., the lateral wash channels
are at least somewhat staggered, instead of intersecting
directly across from one another). This buffer is then gen-
erally removed by flowing the diffusible material into
another set of lateral wash channels 308. Further washing is
optionally achieved by placing additional lateral wash chan-
nels 310 farther downstream from incubation channel region
304 for flowing wash buffer into the main channel and
additional wash channels 312 are also optionally included
for flowing wash buffer out of the main channel. By repeat-
ing wash in-wash out steps, diffusible materials are removed
from the main channel. Thereafter, labeled cells are option-
ally detected in detection zone 314 and subsequently flowed
into waste well 316.

Assuming laminar flow, the cells or other particles remain
centered in the main channel and do not flow into the lateral
wash channels, preventing clogging of the wash channels.
Flow in the main channel, and in the wash channels is
optionally performed by electrokinetic or pressure-based
flow of materials.

Cell Viability Screening

The methods and systems of the present invention are
particularly applicable in performing cell viability assays as
well as for screening test compounds for their effects on cell
viability. Such assays are generally utilized in performing
toxicity studies, antibiotic screening methods, or the like,
and are particularly suitable for the methods and systems of
the present invention. Accordingly, in these aspects, the
cellular function specific indicator is an indicator of cell
viability.

In operation, the suspension of cells typically includes a
label. The cells are optionally treated with a second function
labeling group that indicates the viability of the cells in the
suspension. Specifically, the function label preferentially
stains or labels either viable or non-viable cells. A variety of
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viability indicative dyes are generally commercially avail-
able. For example, fluorogenic esterase substrates, such as
Calcein AM, BCECF AM and fluorescein diacetate, are
optionally loaded into adherent or nonadherent cells, and are
suitable indicators of cell viability. Specifically, these
esterase substrates measure both esterase activity, which is
required to activate the fluorescence of the dye, as well as
cell-membrane integrity, which retains the fluorescent mate-
rials intracellularly. Other suitable viability indicators
include polyfluorinated fluorescein derivatives (i.e.,
DFFDA, TFFDA, HFFDA and Br,TFFDA), polar nucleic
acid based dyes (i.e., SYTOX Green™), dimeric and mono-
meric cyanine dyes (ie., TOTO™ and TO-PRO™ series
dyes from Molecular Probes), ethidium and propidium dyes
(i.e., ethidium bromide, ethidium homodimer and propidium
iodide).

Depending upon the viability indicator used, the level of
function label is indicative of the number of either viable or
non-viable cells, while the level of reference label is indica-
tive of the number of total cells, e.g., viable and non-viable.
Comparison of the levels of the two labels then provides an
indication of the relative viability of the cells in the
suspension, regardless of the number of cells being detected,
e.g., multiple cells, aggregates, or individual cells). In
particular, where two cell populations show a similar level
of reference label, but one population shows a lower level of
viability indicator, it will be understood that the second
population is less viable, e.g., has more nonviable cells. It
will be appreciated that many dyes or labels described for
use as reference labels are also often used as viability labels.
Accordingly, it will generally be desirable to select a refer-
ence label that labels both viable and nonviable cellular
material, and which is distinguishable from the function
label. Examples of such reference labels include, e.g., lipo-
philic membrane labels, or the like.

In performing screening assays, cell suspensions that are
exposed to different test compounds or agents are flowed
past the detection point and the relative viability of the cells
is determined, as compared to a control. Increases or
decreases in cellular viability indicate that the compound or
agent improves or decreases cellular viability. Such assays
are readily employed in identifying antimicrobial, antibiotic
or other viability affecting agents. Similarly, such assays are
optionally employed in screening for effectors of pathways
involved in apoptosis or programmed cell death, e.g., ras
mediated pathways.

The methods and devices of the present invention are
optionally used to perform the cell viability assays described
herein. In one embodiment, e.g., cells exposed to selected
test compounds are washed free of excess staining dyes or
the like before being focused horizontally and/or vertically
as they flow past a detection point to obtain accurate
fluorescent readings (e.g., derived from function and/or
reference labels). Thereafter, cells (e.g., viable and non-
viable cells) are optionally sorted similarly using hydrody-
namic flow. These embodiments are depicted, e.g., in FIGS.
22 and 23, which are discussed further above.

Eliminating Adsorption of Materials During Flow

Adhesion of materials during pressure-based flow using
prior art methods can be problematic, because the flow
velocity at the channel wall is low. This low flow velocity
increases the time that a material remains in position proxi-
mal to a given region of the microscale channel. This
increased proximity to a single region leads to formation of
strong interactions between the channel region and the
material. Thus, one particular advantage of the present
method is that focusing of materials in the center of micro-
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channels inhibits adsorption of the materials to the walls of
microscale channels and other microscale elements during
flow of the materials.

Assay Systems

As noted above, the methods and systems of the present
invention are useful in assaying for virtually any cellular
function, provided that either the function or a result of the
function is independently detectable. In biological
applications, and particularly pharmaceutical research, a
number of specific types of assays are generally used as
screening models for the identification of potential drug
candidates, or “lead compounds.” The assay types most
frequently used in these screening operations generally
include transport assays, binding assays, viability assays,
and expression assays.

Transport

In a first aspect, the methods and systems of the present
invention are used in assaying cellular transport functions,
i.e., ion flux, and intracellular pH regulation. In particular,
cellular transport channels have been generally shown to be
responsive to important cellular events, e.g., receptor medi-
ated cell activation, and the like. For example, G-protein
coupled receptors have been shown to directly or indirectly
activate or inactivate ion channels in the plasma membrane
or endosomal membranes of cells, thereby altering their ion
permeability and thus effecting the excitability of the mem-
brane and intracellular ion concentrations. See, Hille, lonic
Channels of Excitable Membranes, Sinauer Assoc. (1984).

In accordance with this aspect of the present invention,
therefore, the function specific label comprises an indicator
of the level of a particular intracellular species. In particu-
larly preferred aspects, the intracellular species is an ionic
species, such as Ca**, Na*, K*, CI, or H* (e.g., for pH
measurements). A variety of intracellular indicator com-
pounds are commercially available for these ionic species
(e.g., from Molecular Probes, Eugene Oreg.). For example,
commonly used calcium indicators include analogs of
BAPTA (1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid), such as Fura-2, Fluo-2 and Indo-1, which
produce shifts in the fluorescent excitation or emission
maxima upon binding calcium, and Fluo-3 and Calcium
Green-2, which produce increases in fluorescence intensity
upon binding calcium. See also, U.S. Pat. No. 5,516,911.
Sodium and potassium sensitive dyes include SBFI and
PBFI, respectively (also commercially available from
Molecular Probes). Examples of commercially available
chloride sensitive indicators include 6-methoxy-N-
(sulfopropyl)quinolinium (SPQ), N-(sulfopropyl)acridinium
(SPA), N-(6-methoxyquinolyl)acetic acid, and N-(6-
methoxyquinolyl)acetoethyl ester (Molecular Probes, Inc.),
all of which are generally quenched in the presence of
chloride ions.

In a related aspect, the function specific indicator is an
intracellular pH indicator compound. Specifically, intracel-
lular pH changes have been found to be associated with
biologically and pharmaceutically important cellular events,
including cell proliferation, apoptosis, fertilization,
malignancy, ion transport, drug resistance, lysosomal stor-
age disorders, and Alzheimer’s disease. A variety of indica-
tor compounds are commercially available to indicate the
intracellular pH of cells, and are readily applicable to the
present invention as indicators of cellular function.
Examples of these pH indicators include, e.g., SNARFL,
SNARF, BCECF, and HPTS, available from Molecular
Probes, Inc.

In operation, a suspension of cells that is to be assayed is
flowed along a channel. The cells include a reference label
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as described above, e.g., SYTO® dyes available from
Molecular Probes. The cells are also treated with an intra-
cellular indicator of the level of the species for which
relative transport levels are to be determined, and which
indicator is distinguishable from the reference label. As a
specific example, the cells are optionally stained with, e.g.,
SYTO®-62 as a reference label. SYTO®-62 is a red nucleic
acid dye that is generally excited by light at approximately
655 nm, and which emits light at approximately 675 nm. The
cells are also optionally treated with an intracellular calcium
indicator, e.g., Fluo-3, also available from Molecular
Probes, which is excited at 488 nm and emits at approxi-
mately 530 nm. The two labels are easily distinguishable
based upon their differing fluorescent emission maxima.

At a point in the channel, the cells are illuminated with a
broad spectrum of light, e.g., light that encompasses the
excitation maxima of both the SYTO®-62 and Fluo-3 labels.
Emitted fluorescence is then passed through optical filtering
systems that separate and separately detect the SYTO®-62
fluorescence and the Fluo-3 fluorescence. The levels of
fluorescence from each dye are then compared. For example,
the comparison optionally includes plotting the level of
reference label versus the level of function label. Over the
course of the assay, a number of separate data points are
gathered that represent different cells or groups of cells that
are detected. These are plotted and the slope of the resulting
line is calculated. Changes in this slope are indicative of
changes in the level of the function that is being assayed.

Binding

I. Generally

In an alternate aspect, the methods and systems of the
present invention are used in assaying cellular binding
functions, such as ligand-receptor binding, nucleic acid
hybridization, antigen/antibody binding, cell-cell
interactions, and the like. As with transport functions, cel-
lular binding functions are often necessary precursors to a
variety of cellular functions. Specifically, many biological
responses are often triggered and/or controlled by the bind-
ing of a receptor to its ligand. For example, interaction of
growth factors, i.e., EGF, FGF, PDGF, etc., with their
receptors stimulates a wide variety of biological responses
including, e.g., cell proliferation and differentiation, activa-
tion of mediating enzymes, stimulation of messenger
turnover, alterations in ion fluxes, activation of enzymes,
changes in cell shape and the alteration in genetic expression
levels. Accordingly, control of the interaction of the receptor
and its ligand may offer control of the biological responses
caused by that interaction. As noted, included within these
biological functions controlled by binding reactions are
many transport functions, e.g., G-protein linked receptor
activation, as set forth above. Accordingly, these binding
functions may be detected by detecting the downstream
event for which binding is a precursor, e.g., enhanced or
decreased transport function, expression of receptor linked
reporter label, protein translocation, or by detecting actual
binding of cells with a binding agent, e.g., a ligand, nucleic
acid or the like, through the inclusion in the ligand of a
binding indicator, e.g., fluorescent resonance energy transfer
dyes (FRET), molecular beacons, etc. For example, in the
case of cell-cell interactions, detection of binding may be
accomplished by labeling the cells’ surfaces with both
elements of appropriate FRET dyes, e.g., energy donor and
energy acceptor. Upon cell-cell binding, these elements are
placed in sufficient proximity for energy transfer, allowing
their detection.

Alternatively, fluorescence polarization detection meth-
ods are used to detect binding of relatively small molecules,
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e.g., ligands, antibodies, etc., to relatively large structures,
e.g., cells. Fluorescence polarization assays for use in
microfluidic systems are generally described in Provisional
U.S. Application No. 60/088,650, filed Jun. 8, 1998, incor-
porated herein by reference.

A variety of other detection/labeling mechanisms are also
available for detecting binding of one molecule, ¢.g., a
ligand or antibody, to another molecule, ¢.g., a cell surface
receptor. For example, a number of labeling materials
change their fluorescent properties upon binding to hydro-
phobic sites on proteins, e.g., cell surface proteins. Such
labels include, e.g., 8-amino-1-naphthalene sulfonate
(ANS), 2-p-toluidinylnaphthalene-6-sulfonate (TNS) and
the like. Alternatively, detectable enzyme labels are utilized
that cause precipitation of fluorescent products on solid
phases, i.e., cell surfaces are optionally used as function
indicators of binding. For example, alkaline phosphatase
substrates that yield fluorescent precipitates are optionally
employed in conjunction with alkaline phosphatase conju-
gates of cell binding components. Such substrates are gen-
erally available from Molecular Probes, Inc., and are
described in, e.g., U.S. Pat. Nos. 5,316,906 and 5,443,986.

IL. Cell Rolling Assays

In a related but alternative aspect, the present invention
provides methods, devices and systems for use in perform-
ing in vitro cell rolling assays. In particular, it has been
reported that several classes of cell adhesion molecules
participate in a wide range of important physiological
functions, including wound healing, inflammation and can-
cer metastasis. Some examples of these molecules include
selectins and integrins which mediate the rolling and sub-
sequent immobilization of white blood cells along the endot-
helial lining of blood vessel, thus allowing them to migrate
out of the blood vessel and toward the target tissue. Cell
rolling assays are designed to mimic in vitro the rolling
phenomenon in vivo, to create a more effective model for
use in screening potential effectors of that phenomenon. See,
e.g., Lawrence et al., J. Immunol., (1993) 151:6338-6346
and Brunk et al., Biophys. J. (1997) 72:2820-2833.

Generally, the assay is performed by flowing a suspension
of cells over a surface upon which ligands are immobilized,
and observing the numbers of firmly attached and/or rolling
cells on that surface as well as the velocity of the rolling
cells. The present invention employs the microfluidic sys-
tems described herein, in the performance of these assay
types. In particular, as described in greater detail below, the
cell suspension bearing an appropriate reference label is
introduced into a channel in which an appropriate ligand of
interest is immobilized on the inner surface.

Immobilization of ligands on the interior surface of chan-
nels is optionally accomplished by covalently attaching the
ligands to the surface or by adsorbing the ligands on the
surface. Covalent attachment of ligands to surfaces of solid
substrates has been described in the art. See, e.g., Sundberg,
et al., J. Am. Chem. Soc. (1995) 117:12050-57.

In accordance with the present invention, the cell suspen-
sion is flowed through the channel, i.e., using pressure flow,
as described in greater detail below, and the number of cells
that are rolling over or firmly attached to the interior surface
of the channel is monitored using an appropriate detection
system. Alternatively, cells are pulsed through the channel to
facilitate their monitoring. Typically, such systems employ a
video imaging system that images and identifies the cells as
they enter the imaged area, and tracks the cells path through
the field, determining their relative velocity. Alternatively,
point detection systems, e.g., as described herein, are used
which detect cells at two separate points in the channel, and
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determine their relative velocity. In the latter case, it is
generally desirable to provide the cells in suspension that is
sufficiently dilute so as to permit correlation between the two
detectors. Alternatively, cells may be coded with mixtures of
different, distinguishable labels to permit the correlation
among cells between points. Such coded cells optionally
include wide varieties of different labels, or alternatively,
include a set of two, three, four, five, six, seven or eight
different labels at varying relative levels, where the profile
of the relative levels of labels identifies the different cells.

In screening assays, the test compounds are introduced
into a channel, e.g., via an external sample accessing cap-
illary (e.g., an electrokinetic injector or other capillary
element) where they contact the suspension of cells. The cell
suspension is then assayed for rolling or firmly attached
cells, and the effect of the test compound, if any, on the cell
rolling or binding is determined as compared to the control,
e.g., in the absence of the test compound.

III. Expression

In a further aspect, the methods and systems of the present
invention are used to assay cellular expression functions,
and particularly, for the effect of test compounds on such
cellular expression. Such assays are generally utilized in
screening for effectors of given biological processes, which
effectors target those functions at the gene expression level.
In accordance with the present invention, therefore, the
function label is indicative of the level of gene expression,
for a particular gene of interest.

Gene expression levels are typically assayed by quanti-
fying the level of gene product from the gene of interest,
e.g., the amount of protein produced by the cells. Alternate
methods of gene expression analysis examine the amount of
RNA transcribed from the gene of interest. Typically, such
assays involve the use of a nucleic acid hybridization assay
to identify a pattern of RNA transcription following an
activating event.

The methods and systems of the present invention are
readily applied to such expression analyses. In particular, in
accordance with the present invention, the function label is
typically provided that is expressed by the cells during the
expression function. For example, chimeric reporter systems
are optionally employed as function labels or indicators of
gene expression. Chimeric reporter systems typically incor-
porate a heterogencous reporter system integrated into the
coding sequence of the gene of interest. The expression of
the gene of interest is then accompanied by the expression
of the reporter, which is then detected. For example, a
receptor may be a fusion between the product of the gene of
interest and heterologous protein, €.g., an enzyme whose
activity is readily assayable, or an otherwise detectable
protein, e.g., luciferase, acquorin, green fluorescent protein
(GFP), B-galactosidase, alkaline phosphatase, or the like.
The expressed reporter is then detected and compared with
the level of reference label, to provide a quantitative deter-
mination of expression levels on a per cell basis. Expression
of gene products to a detectable level can require varying
amounts of time, e.g., several minutes to hours. Accordingly,
the assay time is varied to allow such expression. As noted
herein, such variation is generally accomplished by slowing
the flow rates of the cell suspension through a channel and/or
lengthening the channel.

Alternatively, the function label is provided as an element
of a binding molecule that specifically associates with the
downstream indicator of gene expression, e.g., an expressed
protein, wherein the binding of the binding molecule
(bearing the function label) to the gene product of interest
produces a detectable property within the cell, e.g., as
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described with reference to the binding assays, above. The
assay methods are then carried out in the same manner as
described with reference to the binding functions, described
above. In the case of expressed proteins, the binding mol-
ecule optionally includes an antibody specific for the gene
product, or a specific binding partner, where the expressed
protein is a member of a binding pair, e.g., a receptor or
ligand.

Because gene expression assays typically require much
longer incubation times than other assay types described
herein, modified methods are optionally employed. For
example, in one aspect, cells are flowed through the channel
of the system, and preferably, through multiple parallel
channels of the system, and contacted with surfaces of the
channel(s) that cause them to adhere. Test compounds are
then introduced into the channel(s) and allowed to flow over
the adhered cells, e.g., for from 5 to 60 minutes. Any effects
of these test compounds on the level of function label, and
therefore, gene expression, is determined in the channel(s),
and compared to the level of reference label. The compari-
son then allows quantification of the level of expression on
a per cell basis. Optionally, the reaction channel is provided
such that the travel time of the cells from the point of test
compound addition to detection is sufficient to permit appro-
priate expression analysis. In certain aspects, tortuous
channels, e.g., serpentine channels, and the like, are used to
extend channel lengths to expand the travel time. Alterna-
tively or additionally, flow rates are substantially reduced to
increase this travel time.

Screening Assays

As noted repeatedly above, the assays described herein
are particularly useful in performing high-throughput
screening assays. As used herein, the term “test compound”
refers to the collection of compounds that are to be screened
for their ability to affect a particular biochemical system.
Test compounds optionally include a wide variety of differ-
ent compounds, including chemical compounds, mixtures of
chemical compounds, e.g., polysaccharides, small organic or
inorganic molecules, biological macromolecules, e.g.,
peptides, proteins, nucleic acids, or an extract made from
biological materials such as bacteria, plants, fungi, or animal
cells or tissues, naturally occurring or synthetic composi-
tions. Depending upon the particular embodiment being
practiced, the test compounds may be provided, e.g.,
injected, free in solution, or may be attached to a carrier, or
a solid support, e.g., beads. A number of suitable solid
supports may be employed for immobilization of the test
compounds. Examples of suitable solid supports include
agarose, cellulose, dextran (commercially available as, ¢.g.,
Sephadex®, Sepharose®, ctc.), carboxymethyl cellulose,
polystyrene, polyethylene glycol (PEG), filter paper,
nitrocellulose, ion exchange resins, plastic films, glass
beads, polyaminemethylvinylether maleic acid copolymer,
amino acid copolymer, ethylene-maleic acid copolymer,
nylon, silk, etc. Additionally, for the methods and appara-
tuses described herein, test compounds may be screened
individually, or in groups. Group screening is particularly
useful where hit rates for effective test compounds are
expected to be low such that one would not expect more than
one positive result for a given group. Alternatively, such
group screening is optionally used where the effects of
different test compounds are differentially detected in a
single system, e.g., through electrophoretic separation of the
effects, or differential labeling which enables separate detec-
tion.

Typically, vast libraries of test compounds are separately
tested for potential effects on different cellular functions. In

Cytonome/ST, LLC Exhibit 2030

NanoCellect Biomedical, Inc. v. Cytonome/ST, LLC, IPR2020-00548

Page 35 of 42



US 6,506,609 B1

23

preferred aspects, large libraries of chemical compounds
prepared using combinatorial synthesis techniques are typi-
cally employed as test compounds in high-throughput
screening applications, to identify any such compounds that
may have pharmacologically beneficial activities. In
optional preferred aspects, test compounds include large
libraries of naturally occurring materials or compounds,
libraries of genetic material, protein fragments, and the like.

In general, the test compounds are separately introduced
into the assay systems described herein. The relative level of
a particular cellular function is then assessed in the presence
of the test compound, and this relative level of function is
then compared to a control system, which lacks an intro-
duced test compound. Increases or decreases in relative
cellular function are indicative that the test compound is an
enhancer or an inhibitor of the particular cellular function,
respectively.

Overall Systems

As noted above, the present invention also provides
systems and devices used to practice the above-described
methods. The system includes a channel along which is
flowed a suspension of cells or other particles, and cell
focusing means as noted above (laminar flow focusing
channels, density gradient layers, or both). A source of
different test compounds is optionally linked to the channel,
for introducing the different test compounds into the channel
whereupon they are contacted with, e.g., the cells. One or
more detectors are also provided in sensory communication
with the channel, e.g., for detecting and quantifying both the
level of reference label and the level of function label
present on the cells. As used herein, the phrase “sensory
communication” refers to orientation of the detector such
that it is capable of obtaining an appropriate signal from the
point of interest. In the case of optical detectors, sensory
communication provides a detector oriented such that it is
capable of receiving an optical signal from a channel of a
microfluidic device. Such detection is optionally direct, or
includes an intervening optical pathway, e.g., lenses, fiber
optics, etc. In the case of chemical detectors, such sensory
communication typically requires a sensor component dis-
posed in contact with the fluid material within the channel.

The detector(s) is/are operably linked to a processor, ¢.g.,
a computer, for recording the detected signals, and providing
a report of relative activity of the cells that are being
assayed. The computer also typically includes appropriate
programming for determining whether one assay, e.g., a first
screening assay, shows greater or lesser cellular function
than another assay, e.g., a control.

Detector systems optionally includes one or more differ-
ent detector elements, and are selected to detect relevant
labels present in the cells. For example, in the case of cells
that include reference and function labels that are
fluorescent, the detector typically includes a dual wave-
length fluorescent detector. This detector typically includes
a light source. Appropriate light sources typically vary
depending upon the type of detection being employed. For
example, in some cases broad spectrum illumination is
desirable while in other cases, a narrower spectrum illumi-
nation is desired. Typically, the light source is a coherent
light source, such as a laser, or laser diode, although other
light sources, such as LEDs, lamps or other available light
sources are also optionally employed. In the case of a
fluorescent detector, excitation light, e.g., light of appropri-
ate wavelength to excite labels, from the light source is
directed at an analysis channel, e.g., disposed in a microf-
luidic device, via an optical train that includes optional lens,
beam splitters, and objective lenses.
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In some instances, electrokinetic material transport sys-
tems are used to direct one or more of the flow of cell
suspensions, the injection of test compounds, and other
material movement parameters. In such cases, the overall
system used in performing the assay will typically include
an appropriate controller and interface for controlling such
electrokinetic material transport. Typically, such transport
systems include one or more electrical power supplies that
are operably coupled to the termini of the channels in a
microfluidic device, e.g., as described in greater detail
below. The connection of the power supply(ies) with the
channels is typically accomplished via electrodes placed into
reservoirs at the termini of the channels, which electrodes
are coupled to the power supply(ies). The power supply(ies)
then deliver(s) appropriate voltage levels to the various
electrodes to yield a desired flow pattern within the channels
of the device, e.g., flowing the cell suspension and periodi-
cally injecting a test compound. The power supply is typi-
cally linked to an appropriately programmed computer
which directs the application of voltages in accordance with
a user selected flow profile.

Assay Devices

Microfluidic devices and assay components which are
optionally adapted to the present invention are described in
various PCT applications and issued U.S. Patents, such as,
U.S. Pat. No. 5,699,157 (J. Wallace Parce) issued Dec. 16,
1997, U.S. Pat. No. 5,779,868 (J. Wallace Parce et al.) issued
Jul. 14, 1998, U.S. Pat. No. 5,800,690 (Calvin Y. H. Chow
et al.) issued Sep. 1, 1998, U.S. Pat. No. 5,842,787 (Anne R.
Kopf-Sill et al.) issued Dec. 1, 1998, U.S. Pat. No. 5,852,495
(J. Wallace Parce) issued Dec. 22, 1998, U.S. Pat. No.
5,869,004 (J. Wallace Parce et al.) issued Feb. 9, 1999, U.S.
Pat. No. 5,876,675 (Colin B. Kennedy) issued Mar. 2, 1999,
U.S. Pat. No. 5,880,071 (J. Wallace Parce et al.) issued Mar.
9, 1999, U.S. Pat. No. 5,882,465 (Richard J. McReynolds)
issued Mar. 16, 1999, U.S. Pat. No. 5,885,470 (J. Wallace
Parce et al.) issued Mar. 23, 1999, U.S. Pat. No. 5,942,443
(J. Wallace Parce et al.) issued Aug. 24, 1999, U.S. Pat. No.
5,948,227 (Robert S. Dubrow) issued Sep. 07, 1999, U.S.
Pat. No. 5,955,028 (Calvin Y. H. Chow) issued Sep. 21,
1999, U.S. Pat. No. 5,957,579 (Anne R. Kopf-Sill et al.)
issued Sep. 28, 1999, U.S. Pat. No. 5,958,203 (J. Wallace
Parce et al.) issued Sep. 28, 1999, U.S. Pat. No. 5,958,694
(Theo T. Nikiforov) issued Sep. 28, 1999, and U.S. Pat. No.
5,959,291 (Morten J. Jensen) issued Sep. 28, 1999; and
published PCT applications, such as, WO 98/00231, WO
98/00705, WO 98/00707, WO 98/02728, WO 98/05424,
WO 98/22811, WO 98/45481, WO 98/45929, WO
98/46438, and WO 98/49548, WO 98/55852, WO 98/56505,
WO 98/56956, WO 99/00649, WO 99/10735, WO
99/12016, WO 99/16162, WO 99/19056, WO 99/19516,
WO 99/29497, WO 99/31495, WO 99/34205, WO
99/43432, and WO 99/44217, which are all incorporated
herein by reference.

As noted above, the assays of the present invention are
carried out within fluidic channels, along which the cell
suspensions and/or other particles are flowed. In some cases,
the channels may simply be present in a capillary tube, e.g.,
a glass, fused silica, quartz or plastic capillary. The capillary
channel is fluidly coupled to a source of the suspension of
cells or other particles, which are then flowed along the
capillary channel. In particularly preferred aspects, the chan-
nel is integrated into the body structure of a microfluidic
device. As used herein, the term “microfluidic” generally
refers to one or more fluid passages, chambers or conduits
which have at least one internal cross-sectional dimension,
e.g., depth, width, length, diameter, etc., that is less than 500
um, and typically between about 0.1 um and about 500 gm.
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In the devices of the present invention, the microscale
channels or chambers preferably have at least one cross-
sectional dimension between about 0.1 ym and 200 um,
more preferably between about 0.1 um and 100 um, and
often between about 0.1 ym and 50 um. Accordingly, the
microfluidic devices or systems prepared in accordance with
the present invention typically include at least one micros-
cale channel, usually at least two intersecting microscale
channels, and often, three or more intersecting channels
disposed within a single body structure. Channel intersec-
tions may exist in a number of formats, including cross
intersections, “Y” or “T” intersections, or any number of
other structures, whereby two channels are in fluid commu-
nication.

The body structure of the microfluidic devices, described
herein, typically comprises an aggregation of two or more
separate layers which when appropriately mated or joined
together, form the microfluidic device of the invention, e.g.,
containing the channels and/or chambers described herein.
Typically, the microfluidic devices described herein will
comprise a top portion, a bottom portion, and an interior
portion, wherein the interior portion substantially defines the
channels and chambers of the device.

In preferred aspects, the bottom portion of the device
comprises a solid substrate that is substantially planar in
structure, and which has at least one substantially flat upper
surface. A variety of substrate materials may be employed as
the bottom portion. Typically, because the devices are
microfabricated, substrate materials will be selected based
upon their compatibility with known microfabrication
techniques, e.g., photolithography, wet chemical etching,
laser ablation, air abrasion techniques, injection molding,
embossing, and other techniques. The substrate materials are
also generally selected for their compatibility with the full
range of conditions to which the microfluidic devices are
typically exposed, including extremes of pH, temperature,
salt concentration, and application of electric fields.
Accordingly, in some preferred aspects, the substrate mate-
rial optionally includes materials normally associated with
the semiconductor industry in which such microfabrication
techniques are regularly employed, including, e.g., silica
based substrates, such as glass, quartz, silicon or polysilicon,
as well as other substrate materials, such as gallium arsenide
and the like. In the case of semiconductive materials, it will
often be desirable to provide an insulating coating or layer,
e.g., silicon oxide, over the substrate material, and particu-
larly in those applications where electric fields are to be
applied to the device or its contents.

In additional preferred aspects, the substrate materials
will comprise polymeric materials, e.g., plastics, such as
polymethylmethacrylate (PMMA), polycarbonate, polytet-
rafluoroethylene (TEFLON™), polyvinylchloride (PVC),
polydimethylsiloxane (PDMS), polysulfone, polystyrene,
polymethylpentene, polypropylene, polyethylene, polyviny-
lidine fluoride, ABS (acrylonitrile-butadiene-styrene
copolymer), and the like. Such polymeric substrates are
readily manufactured using available microfabrication
techniques, as described above, or from microfabricated
masters, using well known molding techniques, such as
injection molding, embossing or stamping, or by polymer-
izing the polymeric precursor material within the mold. See,
e.g., US. Pat. No. 5,512,131. Such polymeric substrate
materials are preferred for their ease of manufacture, low
cost and disposability, as well as their general inertness to
most extreme reaction conditions. Again, these polymeric
materials optionally include treated surfaces, e.g., deriva-
tized or coated surfaces, to enhance their utility in the
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microfluidic system, e.g., provide enhanced fluid direction,
e.g., as described in U.S. patent application Ser. No. 08/843,
212, filed Apr. 14, 1997, and which is incorporated herein by
reference in its entirety for all purposes.

The channels and/or chambers of the microfluidic devices
are typically fabricated into the upper surface of the bottom
substrate or portion of the device, as microscale grooves or
indentations, using the above described microfabrication
techniques. The top portion or substrate also comprises a
first planar surface, and a second surface opposite the first
planar surface. In the microfluidic devices prepared in
accordance with certain aspects of the methods described
herein, the top portion also includes a plurality of apertures,
holes or ports disposed therethrough, e.g., from the first
planar surface to the second surface opposite the first planar
surface.

The first planar surface of the top substrate is then mated,
e.g., placed into contact with, and bonded to the planar
surface of the bottom substrate, covering and sealing the
grooves and/or indentations in the surface of the bottom
substrate, to form the channels and/or chambers (i.e., the
interior portion) of the device at the interface of these two
components. Bonding of substrates is typically carried out
by any of a number of different methods, e.g., thermal
bonding, solvent bonding, ultrasonic welding, and the like.

The holes in the top portion of the device are oriented
such that they are in communication with at least one of the
channels and/or chambers formed in the interior portion of
the device from the grooves or indentations in the bottom
substrate. In the completed device, these holes function as
reservoirs for facilitating fluid or material introduction into
the channels or chambers of the interior portion of the
device, as well as providing ports at which electrodes may
be placed into contact with fluids within the device, allowing
application of electric fields along the channels of the device
to control and direct fluid transport within the device. In
many embodiments, extensions are provided over these
reservoirs to allow for increased fluid volumes, permitting
longer running assays, and better controlling fluid flow
parameters, €.g., hydrostatic pressures. Examples of meth-
ods and apparatuses for providing such extensions are
described in, e.g., Dubrow et al., “Microfluidic Devices and
Systems Incorporating Cover Layers,” WO 99/43432, pub-
lished Sep. 2, 1999, which are incorporated herein by
reference in their entirety for all purposes. These devices are
optionally coupled to other sample introduction ports, e.g.,
one or more pipettor or capillary elements (e.g., 1, 2, 3, 4,
6, 8, 10, 12, or more elements) which serially introduce
multiple samples, e.g., from the wells of a microwell plate.
Thus, in some embodiments, both reservoirs in the upper
surface and external capillary elements are present in a
single device. Alternatively, the devices include only one or
more capillary elements for sample or other material intro-
duction.

The sources of reagents, samples (e.g., cells, microbeads,
DNA or other molecules, etc.), buffers, and other materials
are optionally fluidly coupled to the microchannels in any of
a variety of ways. In particular, those systems comprising
sources of materials set forth in Knapp et al., “Closed Loop
Biochemical Analyzers” (WO 98/45481; PCT/US98/06723)
and U.S. Pat. No. 5,942,443, issued Aug. 24, 1999, entitled
“High Throughput Screening Assay Systems in Microscale
Fluidic Devices” to J. Wallace Parce et al. and, e.g., in
PCT/US00/04522, filed Feb. 22, 2000, entitled “Manipula-
tion of Microparticles In Microfluidic Systems,” by Mehta et
al. are applicable.

In these systems, one or more capillary or pipettor ele-
ments (i.e., an element that includes, ¢.g., a channel in which
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components are optionally moved from a source to a micros-
cale element such as a second channel or reservoir) is
temporarily or permanently coupled to a source of material.
The source is optionally internal or external to a microfluidic
device that includes the pipettor or capillary element.
Example sources include microwell plates, membranes or
other solid substrates comprising lyophilized components,
wells or reservoirs in the body of the microscale device itself
and others. In one preferred embodiment, one or more
capillary elements are used to draw cell or other samples
from microwell plates into the body structure of the device.
The channel disposed in the capillary element typically
includes a diameter in the range of about 1 um to about 100
um, more preferably in the range of about 25 um to about 75
um, e.g., about 50 um in diameter. These devices are
typically included as part of an automated or integrated
system which further enhances device throughput. Inte-
grated systems are discussed further above and in the
references cited herein.

In many embodiments, the microfluidic devices will
include an optical detection window disposed across one or
more channels and/or chambers of the device. Optical detec-
tion windows are typically transparent such that they are
capable of transmitting an optical signal from the channel/
chamber over which they are disposed. Optical detection
windows are optionally merely a region of a transparent
cover layer, e.g., where the cover layer is glass or quartz, or
a transparent polymer material, e.g., PMMA, polycarbonate,
etc. Alternatively, where opaque substrates are used in
manufacturing the devices, transparent detection windows
fabricated from the above materials are optionally separately
manufactured into the device.

In many aspects, it is desirable to provide the interior
surfaces of the channels with an appropriate treatment to
prevent the adhesion of cells or other particles to that
surface. For example, in the case of glass or other highly
charged channel surfaces, some cell types often have a
tendency to stick to the channel surfaces, interfering with the
flowing of cells through the channels. For example, in the
case of mammalian cell-based assays, many mammalian cell
types are particularly adherent to certain types of surfaces,
c.g., glass and some plastics. Accordingly, in some
embodiments, it is desirable to treat or coat the interior
surfaces of the channels to prevent cell adhesion. A variety
of surface treatments are optionally employed to accomplish
this goal. For example, charge masking coatings such as
polyols (e.g., polyvinylalcohol (PVA)), polyethyleneimine
(PEI), polyethylene glycol (PEG), polyacrylamides (e.g.,
polyacrylamide, polymethylacryalamide,
polydimethacrylamide, and the like), carbohydrates such as
polysucrose (Ficoll™), polyglucose (dextran and cellulose),
and polytetrafluoroethylene (Teflon™), or the like.
Alternatively, covalent surface treatments are also optionally
used to prevent surface adhesion of cells, such as silaniza-
tion (e.g., using dimethyl or dichlorosilane) of glass or
plastic surfaces. Other surface treatments are generally
described, with reference to device fabrication techniques,
above.

The flowing of the suspension of cells or other particles
along one or more channels of the devices described herein
is optionally carried out by a number of mechanisms,
including pressure based-flow, electrokinetic flow, or other
mechanisms or combinations of mechanisms. In a first
preferred aspect, a pressure differential is used to flow the
suspension of cells along a channel. Application of a pres-
sure differential along a channel is carried out by a number
of means. For example, in a simple passive aspect, the cell
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suspension is deposited in a reservoir at one end of a channel
and at a sufficient volume or depth, that the cell suspension
creates a hydrostatic pressure differential along the length of
the channel, e.g., by virtue of its having greater depth than
a reservoir at an opposite terminus of the channel. The
hydrostatic pressure then causes the cell suspension to flow
along the length of the channel. Typically, the reservoir
volume is quite large in comparison to the volume or flow
through rate of the channel, e.g., 10 ul reservoirs, vs. 1000
um? channel cross-section. As such, over the time course of
the assay, the flow rate of the cell suspension will remain
substantially constant, as the volume of the reservoir, and
thus, the hydrostatic pressure changes very slowly. Applied
pressure is then readily varied to yield different cell suspen-
sion flow rates through the channel. In screening
applications, varying the flow rate of the cell suspension is
optionally used to vary the incubation time of the cells with
the test compound. In particular, by slowing the cells flow
rate along the channel, one can effectively lengthen the
amount of time between introduction of test compounds and
detection of their effects. Alternatively, channel lengths,
detection points, or test compound introduction points are
varied in fabrication of the devices, to vary incubation times.

In many applications, it may be desirable to provide
relatively precise control of the flow rate of the cell suspen-
sion and/or other particles, e.g., to precisely control incu-
bation times, or the like. As such, in many preferred aspects,
flow systems that are more active than hydrostatic pressure
driven systems are employed. For example, the cell suspen-
sion is optionally flowed by applying a pressure differential
across the length of a channel. For example, a pressure
source (positive or negative) is applied at the cell suspension
reservoir at one end of a channel, and the applied pressure
forces the suspension through the channel. The pressure
source is optionally pneumatic, e.g., a pressurized gas, or
alternatively is a positive displacement mechanism, i.e., a
plunger fitted into a cell suspension reservoir, for forcing the
cell suspension through the analysis channel. Alternatively,
a vacuum source is applied to a reservoir at the opposite end
of the channel to draw the suspension through the channel.
Pressure or vacuum sources are optionally supplied external
to the device or system, e.g., external vacuum or pressure
pumps sealably fitted to the inlet or outlet of a channel, or
they are internal to the device, e.g., microfabricated pumps
integrated into the device and operably linked to a channel.
Examples of microfabricated pumps have been widely
described in the art. See, e.g., published International Appli-
cation No. WO 97/02357.

In alternate aspects, other flow systems are employed in
transporting or focusing the cellular suspension and/or other
particles in a channel. In one embodiment, cells are initially
flowed under pressure, but focused using alternative fluid
direction components, such as an electrokinetic force modu-
lator. While electrokinetic forces typically produce substan-
tially uniform fluid flow in microchannels, they tend to
disrupt cellular membranes. Thus, the use of electrokinetic
motive forces is typically limited to focusing pressure-based
cellular flows, which as discussed have non-uniform flow
velocities.

Electrokinetic transport systems typically utilize electric
fields applied along the length of channels that have a
surface potential or charge associated therewith. When fluid
is introduced into the channel, the charged groups on the
inner surface of the channel ionize, creating locally concen-
trated levels of ions near the fluid surface interface. Under
an electric field, this charged sheath migrates toward the
cathode or anode (depending upon whether the sheath
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comprises positive or negative ions) and pulls the encom-
passed fluid along with it, resulting in bulk fluid flow. This
flow of fluid is generally termed electroosmotic flow. Where
the fluid includes a cell or other particle suspension, those
components are also pulled along. A more detailed descrip-
tion of controlled electrokinetic material transport systems
in microfluidic systems is described in published Interna-
tional Patent Application No. WO 96/04547, which is incor-
porated herein by reference.

Hydrostatic, wicking and capillary forces are also option-
ally used to provide for fluid flow. See, e.g., “Method and
Apparatus for Continuous Liquid Flow in Microscale Chan-
nels Using Pressure Injection, Wicking and Electrokinetic
Injection,” by Alajoki et al., Ser. No. 10/142,263, filed Feb.
5, 1999.

In alternative aspects, flow of the cell suspension and/or
other particles is driven by inertial forces. In particular,
channels are optionally disposed in a substrate that has the
conformation of a rotor, with channels extending radially
outward from the center of the rotor. The cell suspension is
deposited in a reservoir that is located at the interior portion
of the rotor and is fluidly connected to the channels. During
rotation of the rotor, the centripetal force on the cell sus-
pension forces the cell suspension through the channels,
outward toward the edge of the rotor. Multiple channels are
typically provided in the rotor to perform multiple different
analyses. Detection of the function and reference labels is
then carried out by placing a detector under the spinning
rotor and detecting the signal as a channel passes over the
detector. Examples of rotor systems have been previously
described for performing a number of different assay types.
See, e.g., Published International Application No. WO
95/02189. Test compound reservoirs are optionally provided
in the rotor, in fluid communication with one or more
channels, such that the rotation of the rotor also forces the
test compounds into the one or more channels.

Although illustrated in the figures herein as a single
channel and accessing capillary, it will be readily appreci-
ated that these aspects may be provided as multiple parallel
channels and accessing capillaries (discussed above), in
order to substantially increase the throughput of the system.
Specifically, single body structures are optionally provided
with multiple parallel channels coupled to multiple sample
accessing capillaries that are positioned to sample multiple
samples at a time from sample libraries, e.g., multiwell
plates. As such, these capillaries are generally spaced at
regular distances that correspond with the spacing of wells
in multiwell plates, e.g., 9 mm centers for 96 well plates, 4.5
mm for 384 well plates, and 2.25 mm for 1536 well plates.

The present invention is further illustrated with reference
to the following non-limiting examples.

EXAMPLES

Tunel Assay and Annexin-V Assay for Apoptosis
Detection

A TUNEL assay (TdT (Terminal deoxynucleotidyl
transferase)-mediated dUTP Nick End Labeling) was used
to measure cellular apoptosis in accordance with the above-
described methods and systems. In a TUNEL Assay, dam-
aged DNA is labeled with fluorescinated nucleotides. Ter-
minal deoxynucleotidyl transferase (TdT) binds to exposed
3'ends of DNA fragments generated in response to apoptotic
signals and catalyzes the addition of fluorescein-labeled
deoxynucleotides. U937 cells were treated with Camptho-
tecin to induce apoptosis. The cells were then harvested and
fixed with 4% formaldehyde and stored in 80% ethanol at
+4° C. until labeling was performed.
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The cells were rehydrated in TBS buffer. They were then
treated with 20 ug/ml of proteinase K for 5 minutes and
resuspended in equilibration buffer. The cells were incubated
in a working TdT labeling reaction mixture from Oncogene
Research Products containing TdtT enzyme and FragEL TdT
labeling reaction mix. The cells were resuspended in TBS
and then counterstained with a DNA dye (SYTO®-62 DNA
dye at 1 #uM for 10 minutes RT) to obtain a total cell count.

After washing the cells in TBS, they were resuspended in
Hanks’ Balanced Salt Solution with 10% OPTIPREP at
5x10%ml and loaded in a microfluidic device having the
channel geometry shown in FIG. 1A, for analysis. Fluores-
cence was detected using 488 nm excitation, while emission
was read at 525 nm and 680 nm.

FIG. 4 illustrates a control analysis, e.g., U937 cells not
treated to induce apoptosis. The bottom line corresponds to
the SYTO®-62, which indicates the mere presence of cells,
whereas the top line corresponds to the fluorescein end
labeled nucleic acids. Apoptotic cells would yield a peak on
both the upper and lower lines, indicating the presence of an
apoptotic cell. As can be seen, there are substantially no
discernible peaks in the upper line, indicating a lack of
apoptosis in the control. FIG. 5 represents U937 cells treated
with Campthotecin to induce apoptosis. As can be seen,
corresponding peaks are seen on both the lower and upper
lines, indicating the presence of apoptotic cells.

In an Annexin-V assay, change in the outer membrane of
apoptotic cells is detected. A membrane component, phos-
phatidylserine (PS) is translocated to the outer layer.
Annexin-V binds to PS and is conjugated to biotin to allow
secondary reactions to fluorescently labeled Streptavidin for
detection. U937 cells were treated with Campthotecin to
induce apoptosis. The cells were harvested and washed in
phosphate buffered saline (PBS). Cells were incubated with
Annexin-V-Biotin (Boehringer Mannheim) in HEPES
buffer, and then incubated with 5 ug streptavidin-Cy5
(Amersham) and 1 mM of Calcein-AM dye in HEPES
buffer. The HEPES buffer solution contained 10 mM
HEPES, pH 7.4; 140 mM NaCl; and a 5 mM CaCl,. The
cells were washed and resuspended in HEPES buffer with
8.5% sucrose and loaded in a microfluidic device for analy-
sis. Fluorescence was detected using excitation at 488 nm
and 635 nm, and emission was read at 525 nm and 682 nm.

FIG. 6 indicates analysis of U937 cells that were not
treated to induce apoptosis. In this case, the bottom line
indicates live cell count (Calcein), while the top line indi-
cates the presence of apoptotic cells (Annexin-V-Cy5). As
can be seen, a few apoptotic cells are present within the
control experiment. FIG. 7, on the other hand, shows an
analysis of the same cells treated with Campthotecin to
induce apoptosis. As can be seen, the top trace includes a
much greater number of peaks representing apoptotic cells,
and particularly as a percentage of total cells in the analysis,
e.g., as compared to the lower line.

FIG. 8 shows results from a TUNEL assay with HL-60
cells treated with Campthotecin for 6 hours to induce
apoptosis. The bottom line traces the total cell count. The top
line traces apoptotic cells labeled at DNA damage points. In
this case, almost all cells had sustained apoptotic DNA
damage.

FIG. 9 shows results from a TUNEL assay. HL-60 cells
(not treated for apoptosis) were used as control cells. The
bottom trace is for SYTO®-62 indicating total cell count.
The top trace is for Fluorescein labeled nucleotide which
signifies the presence of apoptosis related DNA damage.

FIGS. 10 and 11 shows results from TUNEL assays from
FIGS. 8 and 9 analyzed using appropriate software. Data is
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presented as scatter plot format in FIG. 10. In FIG. 11, data
is represented in bar graph format. Additional data for
different time points and two other cell lines is included.

FIG. 12 shows and Annexin-V assay. HL60 cells were
treated with Campothotecin for four hours to induce apop-
tosis. The bottom trace indicates live cell count (Calcein).
The top trace indicates Annexin-V-Cy5 labeling. Cells
labeled only for Calcein are live cells and not apoptotic. In
this case, almost all cells are apoptotic.

FIG. 13 shows an Annexin-V assay. HL-60 cells (not
treated for apoptosis) are control cells. The bottom trace
indicates live cell count. The top trace indicates Annexin-
V-Cy5 labeling. Cells labeled with both dyes are apoptotic.
Cells labeled only for Annexin-CY5 are dead cells. In this
case, only a few cells were apoptotic.

FIGS. 14 and 15 show data analysis of FIGS. 12 and 13.
Data is presented in scatter plot format in FIG. 14. In FIG.
15, data is represented in bar graph format. Additional data
for different time points and two other cell lines is included.

Fluorescence Population and Concentration
Experiments

FIG. 17 depicts a chip employing a channel geometry that
was used to conduct fluorescence population experiments to
confirm the feasibility of the device as a microfluidic flow
cytometer. The experiment entailed comparing microfluidic
hydrodynamic focusing data obtained by flowing
fluorescently-labeled calibration beads (Quantum 26 Fluo-
rescein Microbeads Standards B-111698 from Flow Cytom-
etry Standards Corp.) through the microfluidic flow cytom-
eter (both focused and unfocused) with data provided in a
certificate of calibration that accompanied the beads. Flow
Cytometry Standards Corp. obtained the calibration data by
flowing the same type of bead through a traditional flow
cytometer.

FIG. 18 is a histogram showing the distribution of results
obtained in the fluorescence intensity population experiment
conducted utilizing hydrodynamic focusing in the microf-
luidic flow cytometer. FIGS. 19 and 20 are histograms
showing the distribution of results obtained in the fluores-
cence intensity population experiment conducted, in the
same microfluidic flow cytometer, in the absence of hydro-
dynamic focusing. As shown, the focused beads resolve into
a more uniform fluorescence intensity population than the
unfocused beads which are more widely distributed.
Furthermore, the focused beads are comparable to results
achievable using traditional flow cytometers, which typi-
cally include a coefficient of variation (%CV) of about 6%,
according to the calibration data provided by Flow Cytom-
etry Standards Corp. The calculated %CV for the focused
beads in the microfluidic system was about 6.8%, whereas
that calculated for the unfocused beads was only about
28.8%. In general, an acceptable %CV is less than 15%,
which further demonstrates the feasibility of the device, e.g.,
as a flow cytometer.

FIGS. 25A, B, and C are histograms showing the distri-
bution of results obtained in resolution experiments using
various microbead to buffer concentrations, namely, 1:1, 1:3,
and 1:7, respectively. The experiments were conducted
using an Agilent bioanalyzer microfluidic system to deter-
mine whether microbead doublet populations could be
resolved. As shown, even at the highest microbead
concentration, where the largest population of doublets was
expected, significant resolution of the two populations was
observed with a %CV of about 6.7%. (FIG. 25A). Similar
%CVs were obtained at the two other concentrations. To
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further confirm the capabilities of the devices and methods
of the present invention an additional resolution experiment
was conducted using viable THP-1 cells stained with
SYTO®-62 intercalating dye. As shown in FIG. 26, signifi-
cant resolution was achieved with a %CV comparable to
those obtained using traditional flow cytometric devices.

The discussion above is generally applicable to the
aspects and embodiments of the invention described herein.

Moreover, modifications are optionally made to the meth-
ods and devices described herein without departing from the
spirit and scope of the invention as claimed, and the inven-
tion is optionally put to a number of different uses including
the following:

The use of a microfluidic system containing at least a first
substrate and having a first channel and a second channel
intersecting the first channel, at least one of the channels
having at least one cross-sectional dimension in a range
from 0.1 to 500 um, in order to test the effect of each of a
plurality of test compounds on a biochemical system com-
prising one or more focused cells or particles.

The use of a microfluidic system as described herein,
wherein a biochemical system flows through one of said
channels substantially continuously, providing for, e.g.,
sequential testing of a plurality of test compounds.

The use of a microfluidic device as described herein to
modulate reactions within microchannels or microchambers.

The use of electrokinetic injection in a microfluidic device
as described herein to modulate or achieve flow in the
channels.

The use of a combination of wicks, electrokinetic injec-
tion and pressure based flow elements in a microfluidic
device as described herein to modulate, focus, or achieve
flow of materials, e.g., in the channels of the device.

An assay utilizing a use of any one of the microfluidic
systems or substrates described herein.

While the foregoing invention has been described in some
detail for purposes of clarity and understanding, it will be
clear to one skilled in the art from a reading of this disclosure
that various changes in form and detail can be made without
departing from the true scope of the invention. For example,
all the techniques and apparatus described above may be
used in various combinations. All publications, patent appli-
cations and other documents cited in this application are
incorporated by reference in their entirety for all purposes to
the same extent as if each individual publication or patent
document were individually so denoted.

What is claimed is:

1. Amethod of focusing and detecting particles flowing in
a first microchannel, the method comprising:

flowing the particles in a sample fluid in the first micro-

channel;

focusing the particles in the first microchannel by intro-

ducing a fluid into the first microchannel from only one
of one or more second microchannels such that the
particles are directed towards a first side of at least
opposing first and second sides of the first microchan-
nel;

directing an interrogating light beam into the focused

sample fluid at a location on the first side of the first
microchannel; and

detecting the particles in the focused sample fluid using

the interrogating light beam.

2. The method of claim 1, further comprising sampling the
particles with at least one capillary element prior to per-
forming the flowing step.
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3. The method of claim 1, comprising flowing the par-
ticles using pressure-based flow.
4. The method of claim 1, comprising focusing the
particles using one or more fluid direction component com-
prising one or more of: a fluid pressure force modulator, an
electrokinetic force modulator, a capillary force modulator,
or a fluid wicking element.
5. The method of claim 1, wherein the focusing step
further comprises focusing the particles horizontally and
vertically in the first microchannel.
6. A method of focusing particles flowing in a first
microchannel comprising:
flowing the particles in the first microchannel;
focusing the particles horizontally or vertically in the first
microchannel by introducing a fluid into the first micro-
channel from only one of one or more second micro-
channels such that the particles are directed towards a
first side of at least opposing first and second sides of
the first microchannel; and
focusing the particles vertically or horizontally in the first
microchannel towards the second side of the at least
first and second opposing sides of the first microchan-
nel by introducing fluid flow into the first microchannel
from a third microchannel located downstream from
the one or more second microchannels.
7. A method of focusing particles flowing in a first
microchannel comprising:
flowing the particles in a first fluid in the first
microchannel, the first fluid having a first fluid density;

focusing the particles horizontally or vertically in the
microchannel by introducing a second fluid into the
first microchannel from at least one second
microchannel, the second fluid having a second fluid
density which is different from said first fluid density;
and
introducing a third fluid into said first microchannel from
a third microchannel which opposes said second
microchannel, said third fluid having a third fluid
density which is different from said second fluid den-
sity.
8. The method of claim 1, further comprising sorting the
particles.
9. The method of claim 8, wherein the particles comprise
one or more of: a cell, a set of cells, a microbead, a set of
microbeads, a functionalized microbead, a set of function-
alized microbeads, a molecule, or a set of molecules.
10. The method of claim 1, wherein the particles comprise
cells and the method further comprises performing a
TUNEL assay or an Annexin-V assay on the cells in the
channel to measure apoptosis.
11. A method of sorting and detecting members of at least
one particle population, the method comprising:
flowing the members of the at least one particle popula-
tion in a sample fluid in a first microchannel;

focusing the members of the at least one particle popu-
lation towards at least a first side of the first micro-
channel by introducing a fluid into the first microchan-
nel from only one of one or more second
microchannels;

directing an interrogating light beam into the focused

sample fluid at a location on the first side of the first
microchannel to thereby detect the particles in the
focused sample fluid using the interrogating light
beam; and

directing the particles into at least a third microchannel

that intersects with the first microchannel downstream
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from the one or more second microchannels, thereby
sorting the members of the at least one particle popu-
lation.

12. The method of claim 11, wherein at least a portion of
the first microchannel comprises at least one separation
element disposed therein, the at least one separation element
comprising at least two sides, wherein at least a portion of
the at least one separation element is disposed upstream of
the at least third microchannel.

13. The method of claim 12, wherein the focusing step
further comprises focusing the members of the at least one
particle population in the first microchannel such that the
selected individual members are directed to at least one of
the at least two sides of the at least one separation element
and into the third microchannel that intersects the first
microchannel.

14. The method of claims 11 or 13, wherein the members
of the at least one particle population comprise one or more
of: a cell, a set of cells, a microbead, a set of microbeads, a
functionalized microbead, a set of functionalized
microbeads, a molecule, or a set of molecules.

15. The method of claim 11, comprising introducing the
fluid from the only one of one or more second microchannels
by heating the fluid in the microchannel.

16. The method of claim 15, wherein the heating step
comprises Joule heating the fluid.

17. The method of claims 11 or 13, wherein the one or
more second microchannels comprises two opposing
microchannels, and said focusing step further comprises
focusing the members of the at least one particle population
in the first microchannel by introducing a fluid flow from the
only one of the two opposing microchannels.

18. The method of claim 17, comprising introducing the
fluid flow by heating the fluid in the only one of the two
opposing microchannels.

19. The method of claim 18, wherein the heating step
comprises Joule heating the fluid.

20. The method of claim 1 further comprising detecting
the particles with a detector which is located downstream
from said one or more second microchannels following the
focusing step.

21. The method of claim 6 further comprising introducing
the particles into one of either a collection well or a waste
well following focusing of the particles towards the second
side of the at least first and second sides of the first
microchannel.

22. The method of claim 1 further comprising focusing
the particles in the first microchannel downstream from said
one or more second microchannels by introducing at least
one fluid flow from at least one of at least a third and at least
a fourth microchannel that oppose one another and that
intersect with the first microchannel downstream from the
one or more second microchannels.

23. The method of claim 7 wherein said second fluid
density is higher than said first fluid density.

24. The method of claim 7 wherein said second fluid
density is lower than said first fluid density.

25. The method of claim 7 wherein said third fluid density
is higher than said first fluid density and said second fluid
density is lower than said first fluid density.

26. The method of claim 11 further comprising at least one
fourth microchannel that intersects with the first microchan-
nel upstream from the one or more second microchannels,
the method further comprising focusing the members of the
at least one particle population towards at least one of two
sides in the first microchannel by introducing a fluid into the
at least one fourth microchannel.
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27. The method of claim 26 further comprising flowing
the at least one particle population in the first microchannel
past a detector which is positioned downstream from said at
least one fourth microchannel and upstream from said one or
more second microchannels.

28. A method of focusing particles flowing in a first
microchannel and washing a diffusible material from the
particles, the method comprising:

flowing the particles in a sample fluid in the first
microchannel,

focusing the particles towards the center or one side in the
first microchannel by introducing a fluid into the first
microchannel from at least one second microchannel;
and

washing a diffusible material from the particles by intro-
ducing a diluent into the first microchannel from at
least one third microchannel and removing the resulting
diluted diffused product comprising diluent mixed with
the diffusible material through at least a fourth micro-
channel which is located downstream from the at least
one third microchannel.

29. A method of focusing and detecting particles flowing

in a first microchannel, the method consisting of:

flowing the particles in a sample fluid in the first micro-
channel;

focusing the particles in the first microchannel by intro-
ducing a fluid into the first microchannel from one of
one or more second microchannels such that the par-
ticles are directed towards a first side of at least
opposing first and second sides of the first microchan-
nel;

directing an interrogating light beam into the focused
sample fluid at a location on the first side of the first
microchannel; and
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detecting the particles in the focused sample fluid using

the interrogating light beam.

30. The method of claim 28, wherein the at least one third
microchannel comprises two microchannels which intersect
the first microchannel at an offset intersection region, and
the washing a diffusible material step comprises sequentially
introducing the diluent into the first microchannel from the
two microchannels.

31. The method of claim 28, wherein the at least one third
microchannel comprises two microchannels which intersect
the first microchannel at a common intersection region, and
the washing a diffusible material step comprises simulta-
neously introducing the diluent into the first microchannel
from the two microchannels.

32. The method of claims 30 or 31, the method compris-
ing removing the diffused product through the fourth micro-
channel and a fifth microchannel, which fourth and fifth
microchannels intersect the first microchannel at a common
intersection region.

33. The method of claim 32, further comprising introduc-
ing diluent into the first microchannel through a sixth and
seventh microchannel which sixth and seventh microchan-
nel intersect the first microchannel at a common intersection
and removing the resulting further diluted diffused product
through an eighth and ninth microchannel, which eighth and
ninth microchannel intersect the first microchannel at a
common intersection.

34. The method of claim 28, wherein the diluent is
introduced into the first microchannel by pressure-based
flow.

35. The method of claim 28, wherein the diluent is
introduced into the first microchannel by electrokinectic
flow.
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