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ABSTRACT 

The invention features devices and methods for detecting, 
enriching, and analyzing circulating tumor cells and other 
particles. The invention further features methods of diagnos 
ing a condition, e.g., cancer, in a Subject by analyzing a 
cellular sample from the subject. 



Patent Application Publication Dec. 1, 2011 Sheet 1 of 108 US 2011/029418.6 A1 

FIG. 1A 

FIG. 1B 

  

  



Patent Application Publication Dec. 1, 2011 Sheet 2 of 108 US 2011/029418.6 A1 

S 
5. 

CN 
V 

ope 
5 

Od 
5 

  



Patent Application Publication Dec. 1, 2011 Sheet 3 of 108 US 2011/029418.6 A1 

d = 24 um 

FIG. 1E 

  

  



Patent Application Publication Dec. 1, 2011 Sheet 4 of 108 US 2011/029418.6 A1 

RCritical (f 

(1-6)(i) 

FIG. 2 

  



Patent Application Publication Dec. 1, 2011 Sheet 5 of 108 US 2011/029418.6 A1 

Rcritical 

FIG. 3 

  



Patent Application Publication Dec. 1, 2011 Sheet 6 of 108 US 2011/029418.6 A1 

is a 5 
9 9 
<C ?h 

  



Patent Application Publication Dec. 1, 2011 Sheet 7 of 108 US 2011/029418.6 A1 

s 

is 3 a 5 
9 9 
CC ?h 

  



Patent Application Publication Dec. 1, 2011 Sheet 8 of 108 US 2011/029418.6 A1 

Sample 
input 
y 

Array 
Flow 

FIG. 6 



Patent Application Publication Dec. 1, 2011 Sheet 9 of 108 US 2011/029418.6 A1 

Sample 
input 

-1N 

Stage 1 

Array Stage 2 

Stage 3 

Output 

FIG. 7 



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 10 of 108 Patent Application Publication 

?ZIS ||?O 
| SSed 'XeW 

Z SSed 'XeW 

?6uexH ?ZIS 

?ôeis „£ 

9 SSed 'XeW 

(ne) uOOeyeO 

    

  

  



Patent Application Publication Dec. 1, 2011 Sheet 11 of 108 US 2011/0294186 A1 

Bypass channel 

Average 
FOW 

Direction 

FIG. 9 

  



Patent Application Publication Dec. 1, 2011 Sheet 12 of 108 US 2011/0294186 A1 

FOW 
Direction Bypass channel 

FIG. 10 

  



Patent Application Publication Dec. 1, 2011 Sheet 13 of 108 US 2011/0294186 A1 

Sample 
input 

-1N 

Stage 1 

Stage 2 
Bypass channel 

Stage 3 

--, 
Waste Sample 

Output 

FIG 11 

  



Patent Application Publication Dec. 1, 2011 Sheet 14 of 108 US 2011/0294186 A1 

Sample 
input 

Stage 1 

Stage 2 Bypass channel 

Stage 3 

V-N-N-N- 
Waste Sample Waste 

Output 

FIG. 12 

  



Patent Application Publication Dec. 1, 2011 Sheet 15 of 108 US 2011/0294186 A1 

Bypass channel 

(bypass 

FIG. 13 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 16 of 108 Patent Application Publication 

Bypass Channel 

FIG. 14 

  



Patent Application Publication Dec. 1, 2011 Sheet 17 of 108 US 2011/0294186 A1 

Bypass channel 

Gap size = Ofd Width = ow 

(bypass 

Gap size = Old 

- Width = ow 

Gap size = d 
Width = W 

FIG. 15 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 18 of 108 Patent Application Publication 

Bypass channel 

4/3 
F Oy W. 

W 
- -213 
F C. Width 

F W Width 

FIG 16 

  



Patent Application Publication Dec. 1, 2011 Sheet 19 of 108 US 2011/0294186 A1 

Sample 
input 

-N- 

Stage 1 

St 2 age Bypass channel 1 

Stage 3 Bypass channel 2 

V-y-N-- 
Waste Sample 

Output 

FIG. 17 

  



Patent Application Publication Dec. 1, 2011 Sheet 20 of 108 US 2011/0294186 A1 

Sample 
input 

Stage 1 

Stage 2 Bypass channel 1 

Bypass channel 2 

Stage 3 

y --y \ Output 1 
Waste Output 3 Output 2 

FIG. 18 



Patent Application Publication Dec. 1, 2011 Sheet 21 of 108 US 2011/0294186 A1 

Sample 
input 

-1N 

Stage 1 

Stage 2 ? Bypass channel 1 (shared) 
I 

lf- Bypass channel 2 
Stage 3 

-Y--N--y- 
Waste Sample Waste 

Output 

FIG. 19 



Patent Application Publication Dec. 1, 2011 Sheet 22 of 108 US 2011/0294186 A1 

NgapS per roW 

OIN gaps per roW 

of N gaps per row 

FIG. 20 

  



Patent Application Publication Dec. 1, 2011 Sheet 23 of 108 US 2011/0294186 A1 

Ngaps per roW X2 

ON gaps per row X2 

(N-1-1/a)(f 
N-1-1/ of N gaps per row x2 ( O)(f) 

FIG. 21 

  



Patent Application Publication Dec. 1, 2011 Sheet 24 of 108 US 2011/0294186 A1 

Average 
FOW 

Direction 

FIG. 22 

  



Patent Application Publication Dec. 1, 2011 Sheet 25 of 108 US 2011/0294186 A1 

Average 
FOW 

Direction 

FIG. 23 

  



Patent Application Publication Dec. 1, 2011 Sheet 26 of 108 US 2011/0294186 A1 

Average 
FOW 

Direction 

FIG. 24 

  



Patent Application Publication Dec. 1, 2011 Sheet 27 of 108 US 2011/0294186 A1 

Average 
FOW 

Direction 

FIG. 25 

  



Patent Application Publication Dec. 1, 2011 Sheet 28 of 108 US 2011/0294186 A1 

Blood Buffer 

R blood R buffer 

R rray 

Rwaste R product 

Waste Product 

FIG. 26 

  



Patent Application Publication Dec. 1, 2011 Sheet 29 of 108 US 2011/0294186 A1 

Rblood Rbuffer 

blood lbuffer 

- - - - - - - - - - 

Rproduct 

waste |product 

FIG. 27 

  



Patent Application Publication Dec. 1, 2011 Sheet 30 of 108 US 2011/0294186 A1 

R blood R buffer 

Wwaste 

y Wproduct 

Rwaste R product 

FIG. 28 

  



Patent Application Publication Dec. 1, 2011 Sheet 31 of 108 US 2011/0294186 A1 

Sample 

Buffer 

Array 
duplex 

Waste Waste 

PrOduCt 

FIG. 29 



Patent Application Publication Dec. 1, 2011 Sheet 32 of 108 US 2011/0294186 A1 

Multiplexed 
arrayS 

PrOduCit 

FIG. 30A 

  



Patent Application Publication Dec. 1, 2011 Sheet 33 of 108 US 2011/0294186 A1 

Sample 

SG 
Buffer 

Multiplexed 
array 
duplex 

Waste 

PrOCUCt 

FIG. 30B 



Patent Application Publication Dec. 1, 2011 Sheet 34 of 108 US 2011/0294186 A1 

Stage 1 

Stage 3 

FIG. 31 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 35 of 108 Patent Application Publication 

  



Patent Application Publication Dec. 1, 2011 Sheet 36 of 108 US 2011/0294186 A1 

V 
CN 

CN 
CN 

O 
CN 

E 
co 3 

2 
2 

N cl 
Y 

d 
c 2 O V . 

S 
CY) 

5 5 9 
S. U. 

O 
? OO 
S 

CO 

V 

5 -ECO CN 
Y CD 

it. --> 
n 

O 

(ne) unoo Ileo 

  



Patent Application Publication Dec. 1, 2011 Sheet 37 of 108 US 2011/0294186 A1 

QNo&&N 
9 

g 

É 

(ne) unoC) led 

  



Patent Application Publication Dec. 1, 2011 Sheet 38 of 108 US 2011/0294186 A1 

g 

-O 

(ne) unoo Ileo 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 39 of 108 Patent Application Publication 

/ 

(ne) unoo led 

  



Patent Application Publication Dec. 1, 2011 Sheet 40 of 108 US 2011/0294186 A1 

Sample 
input Buffer 

-\--- 

Average 
FOW 

Direction 

Waste Sample 
Output 

FIG. 34A 

  



Patent Application Publication Dec. 1, 2011 Sheet 41 of 108 US 2011/0294186 A1 

Sample 
input Buffer 

-\--- 

Average 
FOW 

Direction 

Waste Sample 
Output 

FIG. 34B 

  



Patent Application Publication Dec. 1, 2011 Sheet 42 of 108 US 2011/0294186 A1 

Sample Sample 
input Buffer input 

-\----- 

Average 
FOW 

Direction 

Waste Sample Waste 
Output 

FIG. 34C 

  



Patent Application Publication Dec. 1, 2011 Sheet 43 of 108 US 2011/0294186 A1 

Sample Sample 
input Buffer input 

-\--N--\- 

Average 
Flow 

Direction 

H 

Waste Sample Waste 
Output 

FIG. 34D 

  



Patent Application Publication Dec. 1, 2011 Sheet 44 of 108 US 2011/0294186 A1 

Blood Buffer 

y w 

Stage 1 

FOW 
Direction 

\ PrOCUCt 1 Stage 2 

w 
PrOCUCt 3 \ PrOduCt. 2 

FIG. 35A 

  



Patent Application Publication Dec. 1, 2011 Sheet 45 of 108 US 2011/0294186 A1 

CD 
N 

V- CO 
C/D R 

CD 
8 O 
O 

X 
c 
d 

CN 
CO 
CO 
(5 
O 

X 
C 
d v 

SE 
P 
S 
O S. 

CY 

9 
CN U 

GP 
S 
O 

(ne) unoo Ileo 

  



Patent Application Publication Dec. 1, 2011 Sheet 46 of 108 US 2011/0294186 A1 

: 

Cy) 
s 
O 

C 
O 
S 

n 

OeAeC) 

  



Patent Application Publication Dec. 1, 2011 Sheet 47 of 108 US 2011/0294186 A1 

BOOd Buffer 

y 

Bypass channel 

FOW 
Direction 

\ PrOCUCt 1 

Bypass channel 

PrOCUCt 3 \ PrOCUCt. 2 

FIG. 36 

  



Patent Application Publication Dec. 1, 2011 Sheet 48 of 108 US 2011/0294186 A1 

Stage 1 

FOW FluidiC 
Direction Channel 

W PrOCUCt 1 

Stage 2 

\ PrOCUCt 2 PrOCUCt 3 

FIG. 37 

  



Patent Application Publication Dec. 1, 2011 Sheet 49 of 108 US 2011/0294186 A1 

Stage 1 

Bypass channel 
FOW 

Direction 

Stage 2 

PrOCUCt 3 PrOduCt. 2 

FIG. 38 

  



Patent Application Publication Dec. 1, 2011 Sheet 50 of 108 US 2011/0294186 A1 

FOW 
Direction 

\ Product 

FIG. 39A 

  



Patent Application Publication Dec. 1, 2011 Sheet 51 of 108 US 2011/0294186 A1 

: 

Onpoud ul 
Oel? eO 

O SN 
O 
O 
v 

  



Patent Application Publication Dec. 1, 2011 Sheet 52 of 108 US 2011/0294186 A1 

Bypass channel 

FOW 
Direction 

PrOduCt 3 \ PrOduCt 

FIG. 40 

  



Patent Application Publication Dec. 1, 2011 Sheet 53 of 108 US 2011/0294186 A1 

Reagent 

Blood Buffer 

FOW 
Direction 

Waste PrOCUCt 

FIG. 41 

  



Patent Application Publication Dec. 1, 2011 Sheet 54 of 108 US 2011/0294186 A1 

Fluid inlet- - Sample inlets 

Large cells are deflected 
Flow direction and enter Center Stream 

Small Cells move undeflected 
in sample stream 

Large Cells emerge 
COntained in new fluid 

N Small cells emerge in 
original sample fluid 

FIG. 42A 

  



Patent Application Publication Dec. 1, 2011 Sheet 55 of 108 US 2011/0294186 A1 

CN 
w 
CD 

O 

u-Y 

1-1Y-N Na 

  



Patent Application Publication Dec. 1, 2011 Sheet 56 of 108 US 2011/0294186 A1 

Fluid 1 Sample 

Output 2 

Output 1 

FIG. 43A 

  



Patent Application Publication Dec. 1, 2011 Sheet 57 of 108 US 2011/0294186 A1 

Fluid 1 Sample 

Output 2 

Output 1 

FIG. 4.3B 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 58 of 108 Patent Application Publication 

(p??eqnou?-aud) ?IdueS 

Speeq OunuUu] = 0 (?ZIS ?uues) 

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 59 of 108 Patent Application Publication 

(p??eqnou?-aud) ?Idues 

  

  

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 60 of 108 Patent Application Publication 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 61 of 108 Patent Application Publication 

  

  

  

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 62 of 108 Patent Application Publication 

  

  



Patent Application Publication Dec. 1, 2011 Sheet 63 of 108 US 2011/0294186 A1 

CD 
H 
(O 
(AS w 
S C CD 

E 
CD 
- 

K 3 
Y A E 
- X Na 
Y - - 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 64 of 108 Patent Application Publication 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 65 of 108 Patent Application Publication 

ÁpOq??ue punoq'^^ 
(efile) sl|30 lefile1 = ? 

  



Patent Application Publication Dec. 1, 2011 Sheet 66 of 108 US 2011/0294186 A1 

w 

C2 
CD 

w 

al 

(ne) unoo Ileo 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 67 of 108 Patent Application Publication 

0 0 

?OnpOJ, 

0 

pOOIE 



Patent Application Publication Dec. 1, 2011 Sheet 68 of 108 US 2011/0294186 A1 

| 

  



Patent Application Publication Dec. 1, 2011 Sheet 69 of 108 US 2011/0294186 A1 

  



Patent Application Publication Dec. 1, 2011 Sheet 70 of 108 US 2011/0294186 A1 

WhOle BOOC 

Large Cells 

Waste 

Molecular Analysis 

FIG. 56 

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 71 of 108 Patent Application Publication 

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$|<!— @@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@ 

22|||| 
  

  



Patent Application Publication 

Inlet channel width (blood) 

Inlet channel width (buffer) 

Outlet channel width (product) 

Outlet channel width (waste) 

Gap size / Deflect cell size 

POSt Section 1 

Post Section 2 

POSt Section 3 

Number of parallel sections 

Etch depth 

Product cell size (cut off) 

Estimated Flow rate, mi/hr 

Dec. 1, 2011 Sheet 72 of 108 

Version 1 

50 50 

55 55 

49 49 

50 50 

18/9 36/18 

12/6 24/12 

8/4 16/8 

14 14 

150 150 

4 8 

5 10 

FIG 57B 

US 2011/029418.6 A1 

Version 2 Version 3 

100 100 

110 110 

98 98 

100 100 

44/22 50/25 

30/15 36/18 

20/10 24/12 

14 14 

150 150 

10 12 

2O 30 



Patent Application Publication Dec. 1, 2011 Sheet 73 of 108 US 2011/0294186 A1 

Chip dimensions: 66.0 x 24.9 mm 
POSt Field dimensions: 51.3 x 18.9 mm 
Post diameter: 104 uM 
Port dimensions 

- Front Side 2.83 X 2.83 mm 
- Back Side 1.66 x 1.66 mm 

Substrate: SiliCOn 
Etch depth: 100 um 

FIG. 57C 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 74 of 108 Patent Application Publication 

SOLO 

SOENW ?UUOS pue SOLO 
eun?deO 

Meup pOO|{E 

  

  

  

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 75 of 108 Patent Application Publication 

dq Zy/ dq £18 

Z || WN --> 

CUCUCUTUCUCUCUTUCUTUCUCUCUCUCUCUTUCUTUCUCU 
  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 76 of 108 Patent Application Publication 

  

  





US 2011/029418.6 A1 Dec. 1, 2011 Sheet 78 of 108 Patent Application Publication 

Size Standards 

  



Patent Application Publication Dec. 1, 2011 Sheet 79 of 108 US 2011/0294186 A1 

TiSSue Ct mRNA) 
1 Renal Blood Vessel 24.02 25,916 
2 Blood Mononuclear Cells (PBMC) D40 O 
3 Colon 24.28 21,968 
4 Primary Lung Bronchus 24.49 19,224 

F.G. 62B 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 80 of 108 Patent Application Publication 

OH 

----J.-SOO -- G/6||H-ION -- 9_L9-HIN CUI ND O O -> -> (O CO 

6u Ol 

5u 
6d OOg 
6d OO 

6d O 
WN 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 81 of 108 

SuOO||duue OWNEd SnO?IndS 

(x - VNGIO Ou) VNH OWNECH 6u000|| 

Patent Application Publication 

  



Patent Application Publication Dec. 1, 2011 Sheet 82 of 108 US 2011/0294186 A1 

C 
a cs 

O) .9 C C 
25 g. 99 

N. d g is a 5 
SS (5 is E 9 5 CD CD 
So ?r 9 CD O O 
ES 2. S. O CDS O O Z O N. 
N 3 (O O. V. N 

Ouluo) OH 

Ode JO IOJ) uOOOH 

WN& G/6H6u 000 

euOle G/6H5ul 

OW8d 6U 00 

WN& OW9d 6u 000 

(WN ON) WNOO OOW 

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 83 of 108 Patent Application Publication 

dq 88 L) LAW HH9E 

  



Patent Application Publication Dec. 1, 2011 Sheet 84 of 108 US 2011/0294186 A1 

32 
O 

1996.63 
46 um gap 17 lm gap 

C 
y 

s 

F.G. 66A 

  



Patent Application Publication Dec. 1, 2011 Sheet 85 of 108 US 2011/0294186 A1 

Regular Array 

Narrowed flow path 

Array with Periodic Stagger 

FIG. 66B 

  



Patent Application Publication Dec. 1, 2011 Sheet 86 of 108 US 2011/0294186 A1 

Array with 
Periodic Stagger Flow Direction 

Lodged Cells 

= Target cell 
O = Non-target cell (WBC) 

FIG. 66C 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 87 of 108 Patent Application Publication 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 88 of 108 Patent Application Publication 

  



Patent Application Publication Dec. 1, 2011 Sheet 89 of 108 US 2011/0294186 A1 

: 

s 
C 
- 

  

  

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 90 of 108 

099|| H più luông 

Patent Application Publication 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 91 of 108 Patent Application Publication 

SOEWW 

007 098 000 0CZ 00Z 09 || 00| 09 JJ?p LOW UO peunSeÐW 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 92 of 108 Patent Application Publication 

99 

| / | \, 

| / º ºl || - |_| /_^ |_| '|| 
Z9 | || || 5 || 

| 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 93 of 108 Patent Application Publication 

98 

| | 

Z9 | 

u/) equnN 

  



Patent Application Publication Dec. 1, 2011 Sheet 94 of 108 US 2011/0294186 A1 

Cells Sediment to COver bottom 

FIG. 68A 

  



Patent Application Publication Dec. 1, 2011 Sheet 95 of 108 US 2011/0294186 A1 

Cells slide Or tumble Over functionalized Surface 

F.G. 68E3 

  



Patent Application Publication Dec. 1, 2011 Sheet 96 of 108 US 2011/0294186 A1 

FIG. 68C 

  



Patent Application Publication Dec. 1, 2011 Sheet 97 of 108 US 2011/0294186 A1 

  



Patent Application Publication Dec. 1, 2011 Sheet 98 of 108 US 2011/0294186 A1 

  



US 2011/029418.6 A1 Dec. 1, 2011 Sheet 99 of 108 Patent Application Publication 

  






























































































