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Route 1 Route 1

S
WA

Differentiation

Combination Cell no. Hes-5

Jagged + DLL 58% 70%
Jagged + PACAP + CXCL + PDGF 70% 80%
EGF + CXCL 60% 80%

Sequential

EGF >CXCL »Jagged > PACAP > PDGF > DLL 14% 0%
EGF » PACAP > CXCL > PDGF > DLL > Jagged 26% 0%
EGF > PACAP > CXCL > DLL >PDGF > Jagged 21% 0%

EGF > PACAP > CXCL > Jagged >DLL >PDGF 6% 0%
Self-renewal
Combination Cell no. Hes-5

Jagged + EGF + PACAP + PDGF 150%  120%
Jagged + DLL + EGF + PACAP + CXCL 140%  120%
Jagged + PACAP + PDGF 200%  122%

PACAF + PDGF 200%  129%

Sequential

PACAP >EGF >Jagged >CXCL >DLL >PDGF 196%  102%
PDGF >DLL »Jagged >EGF »PACAP >CXCL 467%  368%

FIG. 9H
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Combinatorial inputs

J -Jagged; D - DLL; E - EGF; PA - PACAP; C - CXCL,; PD - PDGF

SERAEHPAFCHPD D+PA+CHPD 1+D+PD) 3-PALC DepD
DHE+PALCHPD D+E-+C4PD 30+ 0 QP&+ 3+PD
J+DAE+PAAPD DiE+PA+PDR J+E+PD D+E+PA E+PD
J4DEPA+CHPD D+E+PALC J+C4BD E+BA+( PA+PD
JHDHEFPALC JHPATCHPD D+ELC E+PA+RD C+PD
FHEHPARCHPD E+CHPD D4+E4-PD PA+C+DPD 3+ PA
I DHE+CEPD J+DHCHED D+L+PD L [3+PA
SEEAPAPD e+ D E+CHPD JtE E+PA
3D PASPD HDHE4D 1+0+PA +C PA+C
SHEHPALC J+DHE4PA 1+0+E D+E

13 0O+PA+T J+E4+0 J+PAPD D+C

E+PATCHPD JrE+PA D PAPD E+C

FIG. 13A
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Sequential inputs

O-->C-- 2P - »E- > - »PA

PA-~2]--2E 2D~ -2 PD- =0

CoorE--31--2PD->PA- =D

o3 PD-2PA-- 5D 2~

-~ PE -2l D - 3PA- - P

CoeoPA- -2l E - 5[ - 5P

O I I )

Pz 2E Pl o] >l ol

E--»P 0. 5D xPA . ]

G 3D 2PD > 1 D E . 5D

G 2 Em e 5P ew > )nm 2 PA~~ 2

G o 3Eea 5PDe - ¥PA - w2 1e >

[ M TS

P e 5B G 5P fe w332 D)

R Al o § el o A ol d LRl

PD- o 5P 5 im ol - #E oo

N A

PA~~»Cn~2) - 2P0~ -2~ Bk

O~ -2 Ph~ - 20~ ~ 2B~ - 2PA- -]

D--5PA-~>PD-->C--2E-->]

PA- - 3Ee w2 De - 2PDe 20 ]

€)oo 3PP >PA- . 5D 3E

E--5CaunPD)e->PA- - >1. 5D

PDe v} e PR~ =50 e 32

Do PDe 2B PR - STl

PA--E- -2l ->D-->Ph-->C

PA--5C--2E--ni-- P -]

PA--3E-->D-->C_>1.-»b0

C--2PA-->0--z]l--»E--=pPh

Coo>D-->E- = »PA- P 3]

Do 3PP e 3P~ 2Ee e 2 he >0

PA- 2Pl 5o r 3E = 51m=3D)

PA-~ 2D 2PD- - 20 -3} BE

o e )

T R )

P20 - >E - 2 PA -]

oG TPD- >l - >PA B0

Con 3D - >PA >~ P - 2]

£ >Ph - >Co 2P0 - 3D - 2}

Do) 50 2P 2 E - 5 ])

T 5 PA 2P0 2Dl 2

IS, T VN S T IS I

Gronle s 3 PAn-2Er 2 Den 2FD)

[ T VRN T YIS S

PArEne 3 Crende - 2P0 2]

2D - >PD- -2 PA - -]

PR--»0--»E-->PA-->}-.>(

G2} >0 >PA- - 2E- =D

PO~ -] -2PA--BE-->])

E-->0-->PA- >3- 2P0

T O S A e -

Crn PO 3 Ee - 2l 2Dr 2PA

5 -2 PA- 2D 2P0

ConDe - 2PD- - PA -7 Er )

R S S e

PA==50r 2D ->E~-2]-~>PD)

G e 2PA~a S Eaamie a2 0e e 2Dy

PD==>PA~ - >Co- - >D)

N I N

C-m2PA- =P a>]em 2 F )

I T )

Do b 3P o) > E DAl

P~ 2 200w 3 dne 3PA 3G

D2 PA- <3 E 3P N Eon - 2

PA~ 3G PO e 3o 25D

| O e D L SO I |

PR~ 5D SE - S~ 2] S PA

CroaPA~ 50~ Ee w1 2P

Co e 2P0 ~3E~~orde - S PA DY

D 2P v SPA 3 Je nZE e

D-->PA-->E- 21 ->PD-->C

PA--»PD-- 2050 >E-- >

PA-->C- 2P0 -0 »1-- >

PR3- - 2PA- -0 BE- oD

PA--2E- -2} »PD-- >0 ->C

PhoeEanCoen)e 2D ~>PD)

CoepEan 3P~ 3P~ 2D >]

PA~=2PDe w2l 3Co D oE

R A R

PA- o} a0 3] w2 PR~ 2E

EoonCo2]e 3PA . »Dor 2 PD

PA>]- - PD < > Cm DE- -0

Pl =23 >R >E~=5Cn >0
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PA-2Ew 3 Cn 2P e D)

PA~aEar 3 don 2 Cnn oD - 2PD)
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P~ ]ea 2w a2 D -2 PP D
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Pl e3Con>Denn]oc3E 5P

Eve oPh-w>Cn oD o PO~ w30 ]

ool 2P0 ). 5 Ph

P- -2 -2l - 2PA. (0

E-->0--2d- - »PA- - »P- - >[)

G2 PA- 2D - PD- -2 - SE
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FIG. 22-1
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

10,9,7,8,12,11 12 0.9 1.3 1.0 0.7

12,8,11,9,10,7 1.1 1.0 1.3 12 0.7

0.5

10,9,8,11,12,7 04 0.8

10,9,11,7,8,12 0.8 0.4 1.2 1.0 0.8

11.8,9,12.7,10 1.1 07 1.1 0.7

8,9,10,11,7,12 0.5 0.6 0.6 1.0 0.0

10,11,7,9,8,12 1.3 0.8 2.8 1.1 0.7

9,11,12,7,10,8 1.1 12 1.4 1.0 0.7

12,8,9,10,7,11 0.5 0.6 0.2 1.2 1.1

10,9,12,7,11,8
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FIG. 22-2
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

11,8,10,9,12,7 13 12 1.1 1.1 0.9

11,7,12,10,9,8 0.5 1.1 04 1.1 0.9

9,12,11,8,10,7 16 12 14 1.1 0.6

8,12,11,9,10,7 1.1 13 0.9 1.0 0.9

11,10,8,7,9,12 03 0.5 0.3 1.1 0.9

12,11,7,10,9,8

0.6 0.8

9,8,10,7,11,12 1.0 0.8 1.0 1.1 0.9

10,11,12,7,9,8

11,10,8,12,7,9 0.4 0.3 0.7 1.1 0.6

8,10,12,11,9,7 1.1 12 0.9 1.0 12




U.S. Patent Feb. 27, 2024 Sheet 57 of 76 US 11,912,970 B2

FIG. 22-3
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

9,8,10,7,12,11 1.1 13 0.9 1.1 1.0

11,10,12,7,9.8 04 04 03 1.1 0.0

11,8,10,9,7,12 0.6 05 0.6 1.1 0.8

10,12,8,7,11,9 1.5 1.0 2.1 1.0 0.9

10,9,8,12,7,11 1.0 0.9 1.2 1.0 0.9

8,9,12,7,10,11 0.7 0.6 1.0 1.0 0.9

10,8,9,7,11,12 1.1 0.9 3.5 1.0 0.6

10,7,11,8,9,12 14 1.4 12 1.0 0.8

10,11,9,12,7,8
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FIG. 22-4
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

10,9,12,8,7,11 1.5 0.9

12,9,7,10,11,8

12,10,7,8,11,9 03

0.2 12 0.9

9,12,10,11,7,8 0.9 0.8 1.0 1.1 0.9

10,9,11,12,7,8 02 02

11,7,9,10,8,12 0.6 0.6 0.7 11 1.1

11,7,10,9,12.8 1.0 0.9 1.7 1.1 0.7

8,12,9,7,11,10

9,10,11,7,12,8 0.1 0.0 0.2 0.0 1.1

0.5 0.6 1.0 0.8

11,10,12,8,7,9 1.0 1.3 0.8 1.1 1.0
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FIG. 22-5
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

9,7,12,10,8,11 1.5 1.6 1.4 1.0 1.0

10,7,12,11,8,9 0.6 0.5 10.7 1.0 0.6

8,11,12,10,9,7

9,11,12,8,10,7 1.5 1.3 2.1 1.0 0.8

9,7,11,8,10,12 1.2 1.0 1.3 1.0 0.9

10,7,9,12,11,8 2.6 2.1 3.0 1.0 0.7

10,11,9,8,7,12 1.5 0.8 2.8 1.1 0.7

12,11,7,8,10,9 12 0.7 2.1 1.3 0.7
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FIG. 22-6
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hess") (Dext)

8,12,10,11,9,7 1.7 34 1.4 1.0 1.0

8,10,11,7,12,9 0.9 0.7 1.1 1.0 0.9

12,10,11,8,7,9 0.2 0.3 0.2 12 0.8

0.1 04 0.0 10

9,10,12,8,7,11

11,9,12,10,8,7 0.6 0.7 0.5 1.1 0.9

9,12,11,10,7,8 0.7 1.0 0.6 1.1 1.0

8,11,12,7,10,9

12,9,10,8,11,7 0.5 0.6 03 1.2 1.1

9,12,10,7,11,8 0.6 0.7 0.4 1.1 0.0

12,8,11,7,9,10 0.5 0.4 1.0 12 0.8

9,8,10,11,7,12
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FIG. 22-7
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

10,7,11,9,12.8 0.7 0.7

12,8,11,7,10,9 15 0.7 2.5 12 0.8

12,7,10,11,8,9

8,10,11,12,9,7 0.7 0.6 0.6 1.0 1.0

10,9,12,7,8,11 24 2.0 37 1.0 0.7

11.8,10,12,7,9 14 14

8,9,12,11,10,7 0.8 0.9 0.6 1.0 1.1

10,12,11,8,9,7 0.8 0.3 1.2 1.1 0.8

11,8,12,10,7,9

11,12,108,7,9 13 17 1.3 1.2 0.8

0.4 0.4 12 0.8

11,10,9,8,7,12
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FIG. 22-8
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

10,11,9,12,8,7 04 0.6 0.2 1.1 0.9

10,11,9,8,12,7 18 14 3.1 1.1 0.7

2.0 1.1

12,10,8,9,7,11 14 1.6

9,12,8,10,7,11 0.7 1.0 0.8 1.1 1.0

9,12,10,8,11,7 1.9 15 32 1.1 0.8

10,12,9,8,11,7
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FIG. 22-9
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

9,11,7,8,10,12 1.7 1.7 1.7 0.9 0.6

10,11,8,12,7.9 0.9 0.9 0.9 1.1 0.6

9,8,12,7,10,11 0.9 1.0 0.6 1.0 1.1

10,8,11,7,9,12 0.9 0.9 1.0 1.0 0.8

11,9.10,8,12,7 1.4 0.9 3.0 1.1 0.8

9,8,11,7,10,12

0.8 0.4 1.0 0.0

10,12,9,8,7,11 0.8 0.8 0.7 1.0 0.8

11,12,8,7,9,10
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FIG. 22-10
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

0.6 0.7 0.6 1.0 1.0

11,9,7,12,8,10 1.1 0.8 1.7 1.1

11,10,7,8,9,12 03 03

9,8,10,12,7,11 0.4 0.4 0.5 1.1 1.2

11,12,10,9,8,7 1.6 1.0 3.5 12 0.7

10,7,11,12,9,8 1.1 1.1

12,8,10,7,11,9 0.5 0.3 0.7 1.2 0.8

8,10,12,7,11,9 0.9 0.7 1.8 1.0 0.0

8,9,12,7,11,10 2.5 0.8 7.2 1.0 0.7

8,11,9,12,7,10
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FIG. 22-11
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hess) (Dext)

12,9,10,11,7,8

9,10,8,11,12,7

11,8,10,7,9,12 1.2 12 1.0 1.1 0.8

9,7,10,8,11,12 14 1.6 13 1.0 11

9,10,8,7,11,12 0.4 02 0.8

8,10,9,11,12,7 0.8 0.6 1.2 1.0 0.6

9,10,8,7,12,11 2.1 0.2 4.6 0.0 0.6

11,9.,10,7,12,8 1.7 1.7 19 1.1 0.7

12,9,11,7,8,10
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FIG. 22-12
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

12,7,11,8,10,9 1.8 12

9,10,7,12,11,8 13 0.0 16 0.0 1.1

12,8,7,9,11,10

7,9,12,8,11,10 16 1.1 18

7,12,10,9,11,8 0.9 0.8 0.8 1.0 1.0

7,10,8,11.9,12

7,9,10,12,11,8 15 1.1 1.9 1.0 0.7

7,8,12,9,10,11 1.0 0.7 1.2 1.3 0.8

12,11,7,9,8,10 12 1.5 09 0.9

7,11,12,10.,8,9 0.6 0.2 1.4 0.0 0.7

7,11,9,12,8,10 1.1 1.2 0.9 1.0
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FIG. 22-13
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

12,8,7,10,9,11 1.6 24 1.0 29 24

7,10,8,12,11,9 0.5 04 0.6 1.3 1.1

12,11,8,7,9,10 0.5

0.6 1.3 0.7

7,8,9,12,10,11 0.6 03 1.1 13 0.8

12,11,8,9,7,10 0.3 0.3 0.3 1.3 0.9

10,8,7,12,9,11 03 0.1 0.8 1.6 0.9

7,8,10,12,11,9

7,12,9,8,11,10 1.9 1.3 3.6 1.0 0.6

7,11,9,8,10,12 1.1 1.1 12 1.0 1.0

8,7,9,12,10,11 0.6 04 13 14 0.7

7,10,9,12,8,11

7,10,12,11,9.8 13 2.0 1.1 1.0 1.1
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FIG. 22-14
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

7,10,11,8,12,9 12 12 1.2 1.0 1.0

7,9,11,8,10,12 12 13 15 1.0 1.1

12,11,10,7,8,9

9,7,12,11,10,8

7,12,10,9,8,11 0.9 1.0 0.8 1.0 0.9

8,12,11,10,9,7 0.2 02 0.0 0.0 0.0

8,12,11,7,10,9 0.1 0.0 05 0.0 0.0

12,7,8,10,11,9 0.9 1.4 0.6 2.4 16

7,12,11,10,9,8 1.6 2.0 0.9 0.9 0.9

8,7,11,9,10,12 0.9 0.5 0.9 1.1 1.4

8,7,9,12,11,10
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FIG. 22-15
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hess) (Dext)

12,11,8,10,9,7 0.5 0.3 0.6 1.3 0.9

9,7,8,12,10,11 1.0 12 0.8 1.1 1.1

3,10,12,9,11

11,7,8,9,12,10

7,8,9,12,11,10 1.2 1.0 1.0 1.1 12

7,8,11,12,10,9 13 15 1.1 1.1 14

7,10,9,12,11,8 13 20 0.9 1.0 1.1

7,11,10,9,8,12 0.8 19 0.7 0.0 13

7,11,12,9,8,10 1.0 1.0 0.8 1.0 1.1

7,12,11,9,8,10 12 1.1 1.4 0.9 0.8

8,7,11,12,9,10
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FIG. 22-16
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hes5") (Dexth)

0.7 0.9 0.6 11 1.0

9,7,8,12,11,10 0.9 0.8 0.9 1.1 1.0

06 0.6 1.1 1.0

10,8,7,11,9,12

7,8,12,9,11,10 0.8 0.5 11 1.3 0.8

7,10,8,9,11,12 1.0 1.2 1.0 1.1 1.0

8,12,7,9,11,10 1.1 1.1 1.0 1.1 1.1

7,9,10,12,8,11 12 1.5 0.9 1.0 1.0

11,7.8,12,10,9
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FIG. 22-17
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
(all) (Hess) (Dext)

1.1 14 0.8

7,8,11,9,10,12 0.6 04 0.9 13 0.8

8,12,7,11,9,10 0.6 0.5 0.6 1.1 0.0

7,8,11,10,9,12 0.5 0.8 0.1 1.1 0.0

8,7,11,10,12,9 1.1 1.1 1.8 1.1

8,7,10,12,9,11 0.6 0.5 0.9 14 0.7

7,8,9,10,12,11 1.2 1.7 0.4 1.1 0.0

7,9,12,8,10,11 0.5 03 0.7 0.0 1.1

12,11,9,10,7.8

8,12,7,9,10,11
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FI1G. 22-18
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dcx-RFP
(all) (Hess") (Dexh)

7.8,9,11,10,12 0.2 0.3 0.1 1.1 0.0
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FIG. 23-1
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dcx-RFP
(all) (HesSY) (Dex?)

711 1.0 1.0 1.0 0.7 1.0
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FIG. 23-2
Ligands combination Cell counts Cell counts Cell counts Hes5-GFP Dex-RFP
+

9,10,12

7.9,10,12 ) 22 08 12 1

7.9,10,11 14 1.7 1 1 1

9,10,11,12 1 1 1 111 1

8,9,11,12 1 1 1 0.8 1

8,9,10,11 1.8 2 1 0.95 1

7,9,11,12 1.6 1.6 1 1 1

8,9,10,11,12 1 1 1 1 0.92

7,8,10,11,12 1 1 1 1.2 1

7,9,10,11,12 | 1 1 1.17 0.7
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, _ FIG. 24 ’ A

Ligand at Ligand at Ligand at - Ratio of means before and = P value from - Color

‘ day 1 day 2 day 3 . after addition of last ligand = permutation test = code
” 0.8876917 : '

1.016563
1.135468

1.184278

DLL ~ PACAP | Jagged 1.185485
. o Jagged 1228948

0.8241267 : 0.0014 Red

1359624 : 0.0058  Green |

0.8147452 : le-05 . Red

jik o) L 02041974 1e05  Red
PACAP  — - 0.9867764 : 0.318 . Black |
PACAP  DLL  Jagged = 1202267 . 00088 Green

CXCL : — — 1.10504 3 2e-04 Green

€XCH o DIL 1097629 00095 Green .

1.444677 ~ 5¢-04 " Green

1189182 o le05 - Green |

1.156782 : 0.0172 - Green

1.580939
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FIG. 25

Ligand at ~ Ligand at Ligand at  Ratio of means before P value from Color
day 1 day 2 day 3 ¢ and after addition of | permutation test |  code
’ ? : last ligand : 5

Jagged — 1122089 00208  Green
e s T
PDGF  — . 08349 . 00031  Red
S S 6 R
T":Jagged' ST oy e .

CXCL 1001191 04672 Black

EGF 1201566 0.0317 Green

0.617758Y 0.0463 Red

Green

PACAP 116592 00045 Green
PDGF  PACAP 07940869 00465 Red
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CELL DYNAMICS
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This application is a national phase application under 35
U.S.C. § 371 of International Application No. PCT/US2018/
032727 filed May 15, 2018, which claims the benefit of
priority of U.S. Provisional Patent Application No. 62/506.
362 filed May 15, 2017, all of which are hereby incorporated
by reference in their entirety.

FIELD OF INVENTION
The present disclosure relates generally to microfluidics;
and, more particularly, but not by way of limitation, to

improved microfluidic devices, systems, and methods.

BACKGROUND

Cells reside and operate in highly dynamic microenvi-

ronments, where the type and concentration of signaling -

molecules are ever changing. For example, the stem cell
niche consists of a range of signaling molecules and growth
factors allowing maintenance of the stem cell pool, but
during development or injury the composition of the niche
rapidly changes to allow differentiation into different lin-
eages. Immune cells operate in tissue and mature in spe-
cialized microenvironments in the lymph nodes or the
thymus, and infection leads to a wholescale modulation of
these environments and the chemical signals therein. It is
highly desirable to recapitulate such dynamic signaling
cnvironments in vitro, for the quantitative study of under-
lying phenomena as well as applications in stem cell therapy,
tissue regeneration and immunotherapy. Traditional dish-
and-pipette techniques are quite limited in creating and
studying such a dynamical microenvironment, and manipu-
lation and quantitation of single live cells is very challenging
with such traditional tools.

The advances in biomedical research often follow the
steps of development in tools and methodologies. In this
regard, microfluidic cell culture and analysis technologies
like organ-on-a-chip and high-throughput cell arrays convert
previously time-consuming and labor-intensive lab tasks
into a series of streamlined, mostly automatic operations
through intellectual design principles (Klein, et al., 2015),
and some devices allow previously impractical experinients
(Jeong, et al., 2015). A common pitlall, however, lies in the
emergence of large numbers of microfluidic devices with
each carrying distinct and tailor-made features to meet
specific needs (Occhetta, et al., 2015; Sarioglu, et al., 2015;
Cao, ct al. 2015). Few microfluidic systems attempt at
bringing together the capabilities necessary for the study of
signaling dynamics at the single-cell level. As primary cells
are sensitive to environmental conditions such as shear flow
and spatial confinement, chip-to-chip variations will likely
bring undesired artifacts. Thus, a microfluidic chip that is
capable of creating a large number of parallel conditions
while exerting minimal effect on cellular micro-environment
is of high demand and utility. Many microfluidic culture
devices were demonstrated in the past, with varying success
in the cultivation of already robust cell lines, however
demonstrations of viable microfluidic culture of sensitive
primary mammalian cells are far and few between.
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Another challenge associated with studies on cellular
dynamics is the reconstruction of complicated and dynamic
cellular environments in vitro (Kolch, et al.,, 2015: Kellogg,
et al., 2015). Cells constantly receive and process time-
varying signals such as local concentration changes of
pathogens or stress-related molecules. Dynamic inputs
include the simultaneous presence of multiple participating
ligands (combinatorial inputs), as well as the temporal
presence of ligands one after another (sequential inputs;
Judge, et al., 2005). Characterizing how cells respond to
such dynamic inputs can not only help to elucidate the
regulatory mechanisms underlying fundamental cellular
processes, but also to pave the way towards developing
therapeutics through organ-on-a-chip approaches.

SUMMARY

Dynamical control of the cellular microenvironment is
highly desired for the study of stem cells, immunology, and
cancer. The inventors present a high-throughput automated
microfluidic system for culture, differentiation and analysis
of cells in precisely defined dynamic microenvironments,
mimicking signaling in vivo. In certain embodiments, this
system delivers complex chemical signals to 1500 indepen-
dently programmable 2-D cultures and 3-D organoids, and
dynamically stimulates both adherent and non-adherent cells
while tracking single cells with video microscopy. Cells can
be stained in situ, or retrieved for analysis or expansion. The
inventors investigated stem cell and immune signaling
dynamics with single-cell resolution, and demonstrated the
importance of stimulation order in developing brain tissue.
This system constitutes a universal culture platform over-
coming limitations of microfluidic cell culture and greatly
enhancing its capabilities, allowing the study of previously
unattainable aspects of cellular dynamics and enabling
accelerated biological discovery.

To address the limitations described above in the Back-
ground and to bring in much needed new capabilities in cell
manipulation and control, the inventors developed an auto-
mated microfluidic culture system and the associated inte-
grated experimental platform (hardware and software) that
allows multi-mode cell culture and stimulation, rapid on-
chip mixing for the generation of diverse dynamic chemical
inputs, as well as containing, in certain embodiments, 1,500
individually-addressable culturing units for high-throughput
biomedical studies. Coupled with customized software for
chip control and data processing. the system can perform
programmed delivery of formulated fluids to any designated
on-chip culture unit while monitoring and analyzing corre-
sponding cellular responses. The microfluidic chip described
herein is a useful platform for both fundamental and trans-
lational biomedical studies on cell signaling, drug screening
and personalized medicine. The present experiments using
embryonic neuronal stem cells (NSCs) demonstrate that
information on NSCs proliferation and its cellular status,
assessed via the expression level of self-renewal and differ-
entiation markers Hes5 and Doublecortin (Dcx), in response
to dynamic inputs can be acquired by simultaneous imaging
and analyzing, in certain embodiments, 1,500 conditions.
These studies mimic the effect of changing ligand conditions
in the in vivo cellular environments, and reveal that the
NSCs development can be regulated through time-depen-
dent expression pattern of participating ligands.

The term “coupled” is defined as connected, although not
necessarily directly, and not necessarily mechanically; two
items that are “coupled” may be unitary with each other. The

terms “a” and “an” are defined as one or more unless this
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disclosure explicitly requires otherwise. The term “substan-
tially” is defined as largely but not necessarily wholly what
is specified (and includes what is specified; e.g., substan-
tially 90 degrees includes 90 degrees and substantially
parallel includes parallel), as understood by a person of
ordinary skill in the art. In any disclosed embodiment, the
terms “‘substantially” and “approximately” may be substi-
tuted with “within [a percentage] of” what is specified,
where the percentage includes 0.1, 1, 5, and 10 percent.

Further, an apparatus or system that is configured in a
certain way is configured in at least that way, but it can also
be configured in other ways than those specifically
described.

The terms “comprise” (and any form of comprise, such as
“comprises” and “comprising”), “have” (and any form of
have, such as “has” and “having”), and “include” (and any
form of include, such as “includes” and “including™) are
open-ended linking verbs. As a result, an apparatus that
“comprises,” “has,” or “includes” one or more elements
possesses those one or more elements, but is not limited to
possessing only those elements. Likewise, a method that
“comprises,” “has,” or “includes” one or more steps pos-
sesses those one or more steps, but is not limited to pos-
sessing only those one or more steps.

Any embodinient of any of the apparatuses can consist of 2

or consist essentially of—rather than comprise/include/
have—any of the described steps, elements, and/or features.
Thus, in any of the claims, the term “consisting of” or
“consisting essentially of”” can be substituted for any of the
open-ended linking verbs recited above, in order to change
the scope of a given claim from what it would otherwise be
using the open-ended linking verb.

The feature or features of one embodiment may be
applied to other embodiments, even though not described or
illustrated, unless expressly prohibited by this disclosure or
the nature of the embodiments.

Some details associated with the embodiments are
described above and others are described below.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings illustrate by way of example and
not limitation. For the sake of brevity and clarity. every
feature of a given structure is not always labeled in every
figure in which that structure appears. Identical reference
numbers do not necessarily indicate an identical structure.
Rather, the same reference number may be used to indicate
a similar feature or a feature with similar functionality, as
may non-identical reference numbers. The figures are drawn
to scale (unless otherwise noted), meaning the sizes of the
depicted elements are accurate relative to each other for at
least the embodiment depicted in the figures.

FIGS. 1A-1E depict an example of a multi-functional,
high-throughput microfluidic chip with capacities to gener-
ate complex inputs for biomedical studies. In the example
shown, the microfluidic device contains 1,500 indepen-
dently programmable culture chambers. During a 1-week
experiment, the device performs nearly 10° pipetting steps to
create and maintain distinct culture conditions in each of the
chambers.

FIG. 1A conceptually illustrates complex and dynamic
inputs that the present system enables to be delivered to each
chamber. For example, each chamber can execute a distinct
dynamic culture program (combinations, timed sequences,
sine waves, etc.) where the fluidic composition can be
changed when desired, and dynamic processes (i.e. NF-xkB
localization or Hes5 expression) are tracked with single-cell
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resolution. In the depicted example, an on-chip nanoliter
multiplexer measures several fluids, and mixes them at
predetermined ratios to create complex chemical inputs; and
a peristaltic pump can deliver inputs to any given one of the
chambers. For the combinatorial input scenario, several
chemicals are mixed and delivered to the cells continuously.
In sequential inputs, signaling molecules are changed with a
programmed time interval (At=1 day).

FIG. 1B depicts an optical image of the chip containing
1,500 individually-addressable cell culture chambers loaded
with orange dye in the flow layer and blue dye in the control
layer. Certain key features of this chip example are enlarged:
(1) the multiplexer module; (2) a peristaltic punip equipped
with 8 parallel flow channels (100 pm in width) in which
fluid is driven by 3 control lines (200 um in width); and (3)
shear-free cell culture chambers. The system can culture
adherent or non-adherent cells in either suspension mode, in
monolayer populations, or in 3-D format using hydrogels.
The novel two-layer geometry of the culture chambers
allows diffusion-based media delivery to create a stable
environment for cells, and provides the additional ability of
single-cell tracking of even non-adherent cells during
dynamical stimulation.

FIG. 1C-1 depicts a schematic view of each of the
individual cell culture chambers, composed of a buffering
layer (75 um in height) and a deeper culture unit (150 wm in
height). The two-layer cell chamber design allows diffusion-
based or flow-based media delivery. 3D cell culture, immo-
bilization of non-adherent cells by gravity, and automated
cell retrieval.

FIG. 1C-2 depicts numerical simulations of flow profile
through the culture chamber. In the cell-loading and stimu-
lation (flow) mode above, the bottom of the chamber expe-
riences rather mild shear stress at 1 mnysec flow rate. At the
same flow rate in the feeding mode below, the flow velocity
at the bottom of the cell culture chamber remain zero, when
flow is directed through the buffering chamber (below).
Fluid mechanical simulations indicate the flow-rates for
diffusion-based media delivery and cell retrieval via direct
flow.

FIG. 1C-3 depicts schematic drawings (top row) and
optical images (bottom row) of three distinct flow modes:
(1) fluid is directed to flow over the culture chamber directly
(cell loading and stimulation mode); (2) fluid is guided
through the buffering region from the side (feeding mode);
and (3) fluid can be directed to totally bypass the chamber
unit to, for example, avoid cross-contamination or perform
other fluid manipulation. As shown, each chamber is con-
trolled by a network of dedicated channels and membrane
valves that automate various cell culture procedures.

FIG. 1D conceptually illustrates that cells can be immu-
nostained in the chip. The control system is integrated to a
fluorescent microscope and can automatically track indi-
vidual cells in time-lapse experiments. Single cells or popu-
lations of interest can be automatically retrieved from indi-
vidual chambers for off-chip analysis or expansion.

FIG. 1E depict primary cells (e.g. mouse NSCs, human
HSCs) and cell lines (e.g. Jurkat T-cells, mouse fibroblasts)
that have been viably cultured and maintained on-chip for
weeks. Growth rates are equal or better than the well-plate
culture are achieved through frequent diffusion-based media
delivery while maintaining an unperturbed microenviron-
ment.

FIGS. 2A-2B depict aspects of an example of an auto-
mated microfluidic system for multimode cell culture and
data analysis.
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FIG. 2A schematically illustrate automated operation of
the depicted example of the universal microfluidic system.
Utilizing advantageous features of the chip example of
FIGS. 1A-1E, complicated and dynamic inputs (up to 1500)
can be generated and maintained on chip; shear-fee 3D
chamber geometry allows multi-mode culture of cell-lines
and primary cells; customized MATLAB program make
possible the high-throughput studies of temporal and com-
binatorial variations in microenvironments.

FIG. 2B depict examples of information including cell
morphology, protein expression and immunofluorescence
level that can be obtained through single cell tracking and
on-chip immunostaining.

FIGS. 3A-3B depict assessments of high-throughput
microfluidic chips for culture and stimulation of cell-lines
and primary cells

FIG. 3A depicts single-cell response to TNF-alpha stimu-
lation at 0.1 ng/ml (top) and 0.2 ng/ml (bottom). In this
experiment, TNF-alpha is introduced to the designated cell
culture chambers and maintained for 2 hours as a pulse every
24 hours. 3T3 cell response to pulse stimulations is marked
by triangles in cell images in the lower panel.

FIG. 3B depicts TNF-alpha induced dosage-dependent
human HSCs’ death on chip. Cells were cultured on the

microfluidic device in the absence of TNF-alpha (control) 2

and 1 ng/ml TNF-alpha for up to 5 days.

FIG. 3C depicts a chart of long-termm culture and TNF
stimulation of human hematopoietic stem cells (HSCs).
Cells were cultured on the microfluidic device in the absence
of TNF (control) and 1 ng/ml TNF, for up to 5 days. Upper
right panel shows cell numbers (relative) after stimulation
with TNF (black dots are control culture chambers, at
TNF=0). N indicates cell numbers per chamber. Lower panel
shows effect of TNF with the presence of other participating
cytokines (IFNy, IL-6, IP10 and MCP-1). TNF induces
dosage-dependent death of human HSCs, and IFNy neutral-
ize TNF induced cell death. D represents dynamic cytokine
inputs, daily variation between 0.1 and 10 ng/ml.

FIGS. 4A-4C illustrate features of the use of the present
microfluidic chips for multi-mode culture of neural stem
cells.

FIG. 4A depicts time-lapse Bright-field (top) and epi-
fluorescence (GFP, bottom) images of Hes5-GFP NSCs in
adherent culture on chip. The time is marked at the lower
right corner of each upper image (in hours).

FIG. 4B depicts Bright field, and fluorescence images
showing the growth of Hes5-GFP NSCs neurosphere in an
uncoated culture chamber.

FIG. 4C depicts NSCs maintained in 3D hydrogel. The
corresponding growth curves for both sphere and 3D hydro-
gel culture are shown in the right panel.

FIGS. SA-5C illustrate high-throughput studies on NSCs
responses to complex inputs, and data collection and deci-
sion tree analysis of sequential inputs.

FIGS. 5A and 5B depict variations in NSCs in Hes5-GFP
and Dcx-RFP levels, respectively. Rectangular bars and
solid lines represent the average and the standard deviation
of all cells housed within the same chamber. individual dots
represent values obtained from each single cells. Experi-
mental conditions are listed in the x-axis. Corresponding
NSCs images are shown in FIG. 5C, FIG. 14, and FIG. 15.

FIG. 5C depicts selected bright-field and fluorescent
images of NSCs cells on 1st day and 6th day with selected
combinatorial inputs: (1) Jagged and DLL; (4) Jagged, DLL,
EGF, PACAP and CXCL; (5) Jagged and EGF; (8) Jagged,
EGF and PDGF. The images are marked according to the
order presented in FIGS. 5A and 5B.
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FIGS. 6A-6E depict high-throughput dynamical analysis
of neural stem cell (NSC) differentiation. Millions of single-
cell images are generated and automatically quantified in
live-cell signaling factor stimulation measurements.

FIG. 6A depicts time-lapse bright field (top) and epifluo-
rescence (bottom) images of NSCs cultured with 100 ng/ml
PDGF. Scale bars in all images denote 100 pum.

FIG. 6B depicts a histogram of Hes5-GFP expression in
NSCs before (red) and after (black) one week culture with
100 ng/ml PDGF. High levels of Hes5 in NSCs indicate
maintenance of stem cell state, while reduced Hes5 indicates
progress towards differentiation.

FIG. 6C depicts an enlarged bright field (top) and corre-
sponding epifluorescence (bottom) images of NSCs cultured
on chip with 100 ng/mL PDGF. Selected cells were indicated
by arrows and individually tracked over 40 hours during on
chip culture.

FIG. 6D depicts lineage tracing (top) and Hes5-GFP
expression level (bottom) for the 3 selected cells in Figure
C. Distinct proliferation patterns were observed in spite of
similar Hes5-GFP level.

FIG. 6E shows examples of quantitative analysis of
mouse NSCs growth and Hes5 expression in different cul-
ture conditions. Each culture contains either a single ligand
or a mixture of ligands that are highly expressed in devel-
oping mouse brain, including PDGF, CXCL, PACAP, EGF,
Jagged, or DLL. Overall, NSCs proliferate at different rates
depending on initial cell seeding density, with higher den-
sities leading to higher proliferation rates. Hes5 expression
rate and variability in single NSC cells significantly depend
on signaling molecules present in culture chambers.

FIGS. 7A-7D illustrate features of the assessment of
NSCs cellular state based on protein expression level, cell
morphology and immunofluorescence.

FIG. 7A depicts the trajectories of NSCs maintained and
stimulated in a culture chamber with a 2D+time spatiotem-
poral visualization (time runs along the vertical axis).

FIG. 7B depicts enlarged bright field images of NSCs
cultured on chip in the media containing (from left to right)
1000 ng/ml CXCL, 50 ng/ml. PDGF and 100 nM PACAP.
The scale bars are 50 um in all images.

FIG. 7C depicts immunostaining images of NSCs
exposed to (top row to bottom) 50 ng/ml. PDGF, 1000 ng/ml
CXCL and 100 nM PACAP. Markers for determining NSCs
differentiation states are Hes5, Sox10, Pax6 and beta-tubu-
lin. Insertions in the top row are selected NSCs cells with
distinct morphology.

FIG. 7D depicts a schematic drawing of NSCs differen-
tiation determined by Hes5 and Dcx expression level, and
cell morphology.

FIGS. 8A-8E illustrate features of high-throughput analy-
sis of NSC dynamics reveals logic rules in differentiation.

FIG. 8A depicts stimulations of NSCs in two types of
experiments: During Combinatorial Stimulation, microflu-
idic device delivered all possible combinations of DLL,
EGF, Jagged, PACAP, CXCL and PDGF to distinct culture
chambers, and maintained these conditions for 6 days.
During Sequential Stimulation, the device changed the mol-
ecule type each day during the 6-day experiment. Cell
numbers and single-cell Hes5-GFP expression was recorded
in each chamber during the experiment.

FIG. 8B depicts example data sets from one experiment.
Signal induced NSCs cell count change (top) and Hes5-GFP
expression (low) at day-6 are plotted as color maps, together
with the color-coded bars indicating the combinatorial and
sequential signal inputs.
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FIG. 8C (including 8C-1, 8C-2) depict the overall effect
of individual ligands on NSCs self-renewal and differentia-
tion in various stimulation contexts is shown in the table on
top row. In single ligand stimulation experiments, cells were
stimulated with only one ligand and cell numbers and Hes5
levels are recorded. In combinatorial and sequential stimu-
lation experiments, the ligand of interest is present in a
complex mixture of other ligands, and the inventors identify
its overall effect by averaging over groups of experiments.
In the middle row, the dynamic variations in cell number and
Hes5 level are plotted against 6 days of time for single
ligands, combinatorial and sequential experiments. The low-
est row shows the effect of a given ligand (PDGF) on cell
numbers or Hes5 level in experiments that contain other
ligands.

FIG. 8D (including 8D-1, 8D-2) illustrates decision tree
analysis of Hes5 expression and cell proliferation under
sequential stimulation reveals cellular logic rules for NSC
differentiation and self-renewal. Each node contains mean
value of target variable and number of remaining samples
(n). Below each node, there is a decision attribute for the
splitting test and the consequences of the test (“Yes” or
“No”) are written. For example, “PDGF day 1=NO” is short
for “PDGF is not added at day 17

FIG. 8E depicts schematic drawings of the ligand input 2

sequences discovered by decision tree analysis leading to
differentiation (triangle) or self-renewal (square) are pre-
sented in the upper panel. All routes are color-coded with the
solid lines representing routes obtained from Hes5 expres-
sion data, and dashed lines for NSCs proliferation data. In
the middle panel, various input routes and associated
increase (green) or decrease (red) of Hes5 expression and
NSCs proliferation are shown. In the lower panel. the
inventors show list of the most significant nontrivial logical
rules identified through classification tree analysis.

FIGS. 9A-9H summarize signaling principles in necural
stem cell differentiation and self-maintenance, uncovered by
dynamical single-cell culture and decision tree analysis.

FIG. 9A depicts the dynamic changes in cell number and
HesS level are plotted for two ligand combinations contain-
ing (DLL, EGF, PDGF) or (Jagged, EGF, PDGF). Dots are
single cell values and dashed line indicates population mean.
NSCs are directed to either self-renewal (high HesS) or
differentiation (low Hes5) by changing only one ligand
within the combination.

FIG. 9B depicts a comparison of two distinct sequential
inputs highlights the importance of input sequence and
timing in stem cell differentiation. The cells in both experi-
ments received all six ligands in different orders. Changing
the order of a single ligand (e.g. EGF from day2 to day6)
directs NSCs to distinct cell fate.

FIG. 9C shows that a decision-tree analysis reveals the
optimal route of signal input sequence leading to NSCs
self-renewal (highest cell numbers with high Hes5 level).
The optimal route is shown in the middle.

FIG. 9D shows that synergy and antagonism of signal
ligands emerges as another principle. The combination of
any 2 ligands may lead to either enhanced (synergistic) or
reduced (antagonistic) effect compared to experinients that
use these ligands in isolation.

FIG. 9E illustrates that cells show strong commitment at
various decision points towards either differentiation or
self-renewal, and ignore the signals that come after the
decision point. On top, the inventors show the hypothetical
scenario where cells ignore remaining signal sequences if
they already received the right sequence of A>>B>>C for
commitment to self-renewal. and B>>A>>D for commit-
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ment to differentiation. At the middle and lowest rows, the
inventors present the actual input sequences that indicate
strong commitment for self-renewal and differentiation,
which were discovered by decision-tree analysis.

FIG. 9F shows that the ligands can act bi-directionally,
and the exact role of a given signaling molecule is deter-
mined by either timing of that molecule, or by its pre-
conditions.

FIG. 9G shows that increasing environmental complexity
(number of participating ligands) suppresses NSC prolifera-
tion, however reducing the complexity enhances the stem
cell pool. Including more ligands in experiments led to a
reduction of the proliferation rate, while the Hes5 level
remained relatively unchanged. Error bars indicate variabil-
ity of individual experiments from the mean.

FIG. 9H illustrates that the existence of multiple combi-
natorial and sequential input conditions leading to the same
cell fate (similar Hes5 level and cell numbers) suggests
redundancy in stem cell pathways.

FIGS. 10A-10D illustrate features of the assessment of an
example of the present microfluidic chips for cell culture and
signaling.

FIG. 10A depicts real-time fluorescent images of 3T3
cells during stimulation with 0.1 and 0.5 ng/ml TNF-alpha
2-hour pulse. Red arrows indicate responsive cells.

FIG. 10B depicts a fraction of activated 3T3 cell at
various TNF-alpha concentrations. Dilutions of TNF-alpha
are performed through pipetting (blue circles), and on-chip
dilution using peristaltic pumps (red circles).

FIGS. 10C and 10D present single cells response to
TNEF-alpha stimulation at 0.2 ng/ml and 0.1 ng/ml concen-
tration, respectively.

FIGS. 11A-11B illustrate features of the use of an
example of the present microfluidic chips for culture and
stimulation of cell-lines and primary cells.

FIG. 11A depicts the culture of Jurkat cells in suspension
mode.

FIG. 11B(I) depicts the culture of mice HSCs cells in
suspension mode, and (II) depicts the differentiation of mice
HSCs cells by introducing M-CSF differentiation media.

FIGS. 12A and 12B depict the multi-mode culture of
neural stem cells.

FIG. 12A depicts an NSCs sphere culture on chip for 5
days.

FIG. 12B depicts an NSCs sphere retrieved after 5 days of
culture on chip, followed by loading into laminin-coated
96-well plate for adherent culture.

FIGS. 13A-13C depict tables listing combinatorial and
sequential inputs composed by 6 signaling ligands, includ-
ing Jagged-1, DLL-1, EGF, PACAP, CXCL and PDGF-AA.

FIG. 14 depicts images of on-chip studies of NSCs in
responses to combinatorial inputs. Bright-field and fluores-
cent images of NSCs cells on Ist day and 6th day with
selected combinatorial inputs: (1) Jagged and DLL; (2)
Jagged, DLL and EGF; (3) Jagged, DLL and CXCL; (4)
Jagged, DLL, EGF, PACAP and CXCL; (5) Jagged and
EGF; (6) DLL, EGF and PACAP; (7) DLL, EGF and CXCL;
(8) Jagged, EGF and PDGF.

FIG. 15 depicts images of on-chip studies of NSCs in
responses to complex inputs, particularly time-lapse fluo-
rescent image of NSCs cell culture on chip with combina-
torial inputs. Fluorescent images of NSCs cells on 1st day
and 6th day with combinatorial inputs (1) Jagged and DLL;
(2) Jagged, DLL and EGF; (3) Jagged, DLL and CXCL; (4)
Jagged, DLL, EGF, PACAP and CXCL; (5) Jagged and
EGF; (6) DLL, EGF and PACAP; (7) DLL, EGF and CXCL;
(8) Jagged. EGF and PDGF.
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FIGS. 16A-16F depicts dynamical cell culture and NF-kB
Signaling.

FIG. 16A depicts the fraction of activated 3T3 cell at
various TNF-alpha concentrations. Dilutions of TNF-alpha
are performed through pipetting (blue circles), and on-chip
dilution using peristaltic pumps (lighter circles).

FIG. 16B depicts single-cell NF-kB nuclear localization
traces for active and non-activated cells. The blue traces
show non-activated cells while the black curves show the
activated cells.

FIG. 16C depicts activation time of population and iso-
lated single 3T3 cells at 0.1, 0.2 and 0.5 ng/ml TNF
concentration.

FI1G. 16D depicts fluorescence images and NF-kB nuclear
localization traces of isolated single 3T3 cells showing
oscillation following the first stimulation at 0.2 ng/ml con-
centration.

FIG. 16E depicts single-cell NF-kB nuclear localization
traces for 3T3 cells in micro-environments with sinusoidal
and pulse TNF modulation. The maximum TNF concentra-
tion is 5 ng/ml in both cases. The sinusoidal signal is created
by modulating the real-time TNF concentration through
on-chip mixing, while the digital TNF pulses are provided
by replacing each culture chamber with flash culture
medium following 15-min TNF pulses.

FIG. 16F depicts real-time fluorescent images of 3T3 cells
during sinusoidal and pulse TNF stimulation.

FIG. 17 depicts concentration variations for dynamic
inputs studies. For experiments with single ligands, series of
pre-programmed ligand concentrations are maintained in
designated culture units by on-chip dilution function. Simi-
larly, dynamic environment composed of 6 ligands are
accomplished by carefully mixing 6 ligands to the designed
concentration and ratio. For combinatorial and sequential
inputs with constant ligands’ dose, all concentrations are
maintained at the highest effective values (c.g. PACAP: 500
nM, CXCL: 200 ng/ml, PDGF: 100 ng/ml, DLL: 5 pg/ml,
Jagged: 5 pg/ml, EGF: 100 ng/ml).

FIGS. 18A and 18B show how decision tree analysis
reveals cellular logic rules for NSCs’ differentiation and
self-renewal. Each node, represented by a colored box,
contains mean value of target variable (mean) and number of
remaining samples (n). The nodes are filled with color
gradients from red to green according to the reported mean
value. Below each node, there is a decision attribute for the
splitting test and the consequences of the test (“Yes” or
“No™) are written along arcs between a parent node and its
children nodes. For example, “PACAP day 1=NO” is short
for “PACAP is not added at day 17, and “PDGF=NO” is
short for “PDGF is not present”.

FIG. 18A depicts a decision tree built on NSCs’ prolif-
eration under combinatorial stimulation.

FIG. 18B depicts a Decision tree built on NSCs’ Hes5-
GFP expression under combinatorial stimulation.

FIG. 19 depicts mammalian NSCs cell fate and forebrain
development are directed by accommodating cell niches.
The niche includes extracellular matrix factors, sequential,
combinatorial and temporal ligand profiles, micro-confine-
ment and cell-cell contact. These conditions are recapitu-
lated in the present culture system using multimode culture
(single cell, populations, and 3-D in gels), and combinatorial
and dynamic delivery of signaling molecules. (A) Signal
induced variations in NSCs cell count, Hes5-GFP and Dex-
RFP expression are plotted as bars indicating their intensities
and values relative to the control experiments after 6 days of
stimulation. The outcome of 2,400 experiments shows NSCs
cell counts, Hes5 and Dcx level after 6 days of culture. NSCs
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adherent cell shows greater variation in all 3 categories as
compared to neurospheres and 3D culture. (B) Fluorescence
images of neurospheres and aggregates in 3D hydrogel after
6 days of stimulation with combination of all 6 ligands,
Jagged, DLL, EGF, PACAP, CXCL, PDGF.

FIG. 20 depicts example data sets from one experiment.
Signal induced NSCs cell count change at day-6 are plotted
as color maps, together with the color-coded bars indicating
the combinatorial and sequential signal inputs. The sampling
ligands’ combinations and sequences (including DLL and
EGF, Jagged >>CXCL >>PDGF >>PACAP >>EGF
>>DLL, CXCL >>PDGF >>PACAP >>EGF >>DLL >>Jag-
ged) show the variations in cell proliferation and Hes5
expression dynamics. All cell images are 400 pm by 400 um
in area.

FIG. 21 depicts a schematic drawing showing the impor-
tance of environmental context and signaling timing in
determining NSCs cell fate. The NSCs single cell tracking
images, and dynamic changes in cell number and Hes5 level
are plotted for two ligand combinations containing (Jagged,
PDGEF, EGF) and (DLL, PDGF, EGF); and 2 select ligands
sequences (DLL >>EGF >>PDGF >>CXCL >>Jagged
>>PACAP) and (DLL >>PDGF >>CXCL >>Jagged
>>PACAP >>EGF). All cell images are 400 um by 400 pm
in area.

FIG. 22 depicts a table listing ways in which micro-
environments can be exposed to 6 ligands in a sequential
manner. For one experiment performed by the inventors, the
order of the ligands in the table of FIG. 22 represents the
order of ligands introduced into the micro-environments on
daily bases. Number 7 denotes Jagged; 8 DLL; 9 EGF; 10
PACAP; 11 CXCL; 12 PDGF.

FIG. 23 depicts another table listing ways in which
micro-environments can be exposed to 6 ligands in a com-
binatorial manner, containing 2 to 5 ligands in each condi-
tion. Number 7 denotes Jagged; 8 DLL; 9 EGF; 10 PACAP;
11 CXCL; 12 PDGF.

FIG. 24 depicts another table for which a one-tailed
permutation test is used to examine statistical significance of
biological findings under sequential input of Hes5-GFP
expression measurement. Green: p<0.05 and relative
increase of means >5%, Red: p<0.05 and relative decrease
of means >5%, Black: no significant difference.

FIG. 25 depicts another table for which a one-tailed
permutation test is used to examine statistical significance of
biological findings under sequential input of NSCs prolif-
eration measurement. Green: p<0.05 and relative increase of
means >5%. Red: p<0.05 and relative decrease of
means >5%, Black: no significant difference.

RESULTS

Versatile, Multi-Functional Microchamber for Viable Cul-
ture and Dynamic Stimulation of a Wide Range of Cell
Types

The inventors designed a microfluidic cell culture cham-
ber to cultivate all types of eukaryotic cells and to model and
understand the role of a complex and ever-changing cellular
microenvironment in biological processes. To accomplish
this feat, precise control of environmental parameters such
as cell density, surface properties, fluidic exchange. media
and growth factor delivery, and humidity are preferred.
Microfluidic devices integrated with membrane valves have
been previously employed for high-throughput biomedical
studies, because they allow automated generation of well-
controlled programmable conditions mimicking micro-en-
vironments in vivo (Luni, et al.. 2016: Lecault, et al., 2011;
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Tay, et al., 2010). Despite the advantages of integrated
microfluidics in cell culture, long-term culture of sensitive
cell types like primary cells has been a major challenge, and
the throughput of achievable independent culture conditions
remain limited to less than a hundred in a single device
(Gomez, et al., 2007). Furthermore, dynamic chemical
stimulation of weakly adherent or non-adherent cells has not
been possible when single-cell tracking and analysis is
required, as exposing cells to flow would disturb the posi-
tions of the cells preventing single cell tracking. To address
these limitations, the inventors designed a microfluidic
chamber geometry and associated devices for the studies of
various biological samples, and tested its robustness in
creating consistent micro-environmental conditions for
long-term cellular studies while exerting minimum-to-none
disturbance on the system. This 3-D chamber geometry
consists of two separate sub-chambers (culture chamber and
buffer chamber) dedicated to cell culture and media flow,
and a set of orthogonal supply channels that allow feeding
and stimulating non-adherent cells via diffusion, substan-
tially preventing cells from flow (FIG. 1D). The diffusion
time for signaling molecules from the loading chamber to
the cell chamber is, in certain embodiments, less than a
minute, allowing rapid saturation of the cell channel signal-

ing molecules. This enables delivery of a wide range of 2

dynamic signaling inputs to the cells in the culture chamber
with minimal distortion of the signal shape. By using
diffusion feeding in this simple 2-layer chamber geometry,
the inventors satisfied the seemingly contradictory require-
ments of dynamic stimulation and single-cell tracking in
live-cell imaging experiments.

The deep, well-like structure of the culture chamber
allows loading and immobilizing cells by gravity, and, in
certain embodiments, enables growing cells into three-di-
mensional (3-D) colonies such as neuronal organoids. In
certain embodiments, the cell culture chamber can be loaded
with hydrogels and other matrices to enable 3-D organiza-
tion of cells, and cells can still be stimulated by providing
signaling molecules through the buffer chamber, which then
diffuse through the gel (FIG. 2A). Furthermore, one of the
supply channels can be used to retrieve the cells from the
chamber and ultimately from the microfluidic device at the
end of stimulation and imaging, by simply increasing the
flow rate in this channel (FIG. 2B). These capabilities
provide seamless and automated loading, feeding, culture,
stimulation, single cell tracking, and retrieval of both adher-
ent and non-adherent cell types maintained in isolation, as
2-D cultures or as 3-D organoids.

It was found that gently providing a constant supply of
fresh media to the cultured cells is crucial for their viability
in microfluidic environments. Due 10 increased surface-to-
volume ratio in a nanoliter sized chamber, in certain situa-
tions, water evaporation is a major problem that increases
salt concentration and easily kills the cells. Due to the large
volume of media the system can supply to the buffer
chamber, and by eliminating flow from the culture chamber,
many important culture parameters such as the humidity.
CO2 and cell-secreted factors can be, in certain embodi-
ments, maintained constant without the need for a separate
media bath in the present device (Lecault, et al., 2011). In
certain embodiments, elimination of the membrane sepa-
rated media bath simplifies the chamber design, allowing us
to parallelize such chambers and build thousands of them in
a single device.

FIG. 1B shows optical images of one embodiment of the
microfluidic chip, consisting of 3 components: (1) a multi-
plexer module, (2) an array of peristaltic pumps and (3)
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1,500 individually-addressable shear-free culture chambers.
The chamber is composed of two parts: a buffering unit (900
umx400 umx75 pm) and a culturing unit (400 pmx400
umx75 pm, (FIG. 1C-1)). As, in certain embodiments, the
culture chamber is designed with an inverted geometry. cells
can be allowed to settle to the bottom of the culture chamber
while flowing slowly over the top driven by a peristaltic
pump, or directed to designated culture chambers through
pressure-driven flow, which is considerably faster. In certain
embodiments, four flow channels 25 pm in height and with
a width of 100 pm allow two orthogonally-controlled flow
modes: top-down in the loading and stimulation mode and
left-right in the feeding mode (FIG. 1C-3). Numerical simu-
lation shows that the flow in top-down direction, in certain
embodiments, induces a maximum flow rate of 0.6 mm/sec
over cells situated at bottom of the culture unit at 1 mm/sec
flow rate (FIG. 1C-2, Flow or Stimulation mode). In certain
embodiments, the culture medium can be replaced in ~5
seconds, enabling optimal stimulation without inducing dif-
ferential cellular responses. Maintaining the same flow rate
while directing the flow through the buffering layer (FIG.
1C-2, Feeding mode) reduces the flow rate at the bottom of
the culture chamber to, in certain embodiments, zero. In
certain embodiments, approximately 80% of the medium
can be replaced within 20 seconds. In certain embodiments,
cells experience zero shear flow even at 10 mm/sec during
feeding mode and such feature makes the culture condition
more consistent and robust against any geometrical differ-
ences from chamber to chamber and chip to chip. Moreover,
conditional medium remains by isolating cellular environ-
ment from flow through the buffering layer, absence of
which may cause variation in cellular state and morphology
(Ying, et al., 2003; Ludwig, et al., 2006; Ghasemi-Dehkordi,
et al., 2015). These novel features allow fast and frequent
medium exchange without disturbing cellular environment
and provide a stable medium composition comparable to the
bulk experiments for long-term culture.

Automated Culture System for High-Throughput Combina-
torial Stimulation and Analysis of Cellular Dynamics

The simplicity of the chamber allows high throughput
integration and control, providing testing of thousands of
culture conditions in a single device. In certain embodi-
ments, the inventors have integrated 1500 such chambers in
a single microfluidic device, where each chamber is inde-
pendent from the others and can be exposed to a different
culture condition. These conditions can consist of different
cell types, densities, support matrices, as well as 1500
precisely formulated combinations of chemical inputs such
as signaling molecules and growth factors. In certain
embodiments, the chemical inputs in each chamber can be
changed over time using in-chip membrane valves and
dedicated fluidic networks. With this device, the inventors
surpassed the throughput of previous automated cell culture
devices by 20-fold in terms of culture conditions generated
allowing accelerated biological analysis.

To better utilize the high-throughput nature of this culture
system, and to dynamically change the signaling microen-
vironment, the capability of on-chip formulation of chemical
inputs is desired. For this purpose, the inventors designed
and integrated a microfluidic system consisting an array of
peristaltic pumps to formulate complex and dynamic chemi-
cal inputs on the chip (FIG. 1A). To efficiently deliver a
formulated solution to any of the 1,500 designated culture
units, in one embodiment, the inventors upgraded the peri-
staltic pump by integrating 8 parallel channels (100 um in
width). By increasing the driven fluid volume per pumping
cycle, the enhanced pump can achieve, in this embodiment,
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approximately 30 nl/sec at 10 Hz pumping frequency to
provide rapid and precise delivery of formulated solution.
With such features, an arbitrary range of time-varying inputs
with distinct characteristics, such as pulsed and sinusoidal
input delivery, can be generated from a few previously
prepared media vials connected to the chip, with the tem-
poral resolution ranging, for example, from seconds to
hours.

The inventors have developed software to operate this
microfluidic culture and to automate many processes such as
cell loading, input formulation and fluidic delivery (FIG.
2A). In certain embodiments, the inventors further inte-
grated this system to an automated fluorescent microscope to
realize a total-analysis system capable of monitoring single
cells and cell populations via live-cell microscopy in weeks-
long experiments in precisely formulated signaling microen-
vironments (FIG. 2B).

In certain embodiments. the combination of dynamic
input formulation, 1500 independent culture chambers, dit-
fusion based stimulation, and the ability to create single cell,
2-D or 3-D culture greatly enhances the capabilities for
applications when dynamic control of the microenvironment
is preferred.

Highly Viable Cultivation of Primary Single Cells and 2-D
Cultures

The Achilles heel for microfluidic cell culture has been
the poor viability of cells grown in PDMS based micro-
chambers, which is especially severe for sensitive primary
mammalian cells (Mehling, et al., 2014). The lack of control
and functionality desired for complicated biomedical studies
contribute to the relative rarity of microfluidic studies on
primary cells as well. To demonstrate the capability of the
present system in culturing and stimulating different cell
types (both cell lines and primary cells) the inventors first
cultured a mouse fibroblast 3T3 cell line and human hema-
topoietic stem cells (HSCs) in adherent and suspension
culture mode respectively, and stimulated cells either with
constant or pulsed formulations of the inflammatory cyto-
kine TNF-alpha to induce NF-kB signaling (Kellogg, et al.,
2015; Tay, et al., 2010). Dynamic (i.e., pulsed or sinusoidal)
stimulation of non-adherent cells such as HSCs was not
demonstrated before the present study. NF-kB is an impor-
tant gene network that integrates signals from a multitude of
extracellular sources, and is central in regulating innate and
adaptive immunity. Dynamic stimulation of NF-kB in
single-cells as shown here can be very informative in
understanding and modeling cellular information processing
in complex scenarios like infection, autoimmunity and can-
cer.

The inventors took advantage of the long-term stable
culture capability of the device and extended TNF-alpha
induced NF-kB activation study in 3T3 fibroblasts for up to
a week. The response of 3T3 cells to TNF-alpha stimulation
is characterized by the nuclear translocation of transcription
factor NF-kB, and visualized through automated fluores-
cence imaging (Kellogg, et al., 2015). Both single cells and
a population of cells were successfully maintained in the
present culture chambers, and were stimulated with series of
TNF-alpha concentrations (0.001 to 100 ng/ml), which were
simultaneously generated on-chip. With populations of 3T3
cells, the fractions of activated cells versus TNF-alpha
concentration are consistent with previously published
results, showing the chip’s reliability and reproducibility
(FIGS. 10A and 10B) (Tay, et al., 2010). At the single cell
level, all cells respond to the first pulse stimulation with 0.1
and 0.2 ng/ml TNF-alpha (FIGS. 10C and 10D). Prolonged
incubation and stimulation for one week lead to increase in
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3T3 cytoplasm NF-kB level and inert cell responses. Mean-
while, the cytoplasm NF-kB level is proportional to TNF-
alpha concentration.

Besides being a signaling protein involved in systemic
inflammation, TNF-alpha is also widely employed to mimic
the post-transplantation signaling environment (Mohabbat,
et al., 2012). To mimic clinical hematopoietic stem cell
transplantation (HSCT), different doses of TNF-alpha are
directed to designated culture chambers housing HSCs by
programmed medium exchange procedures. The inventors
observed that TNF-alpha stimulation can directly cause the
death of HSCs (FIG. 2B). The capacity of the present device
as a universal culture chip for various cell types is further
demonstrated by the successful culturing of suspension cells
including Jurkat T cell line and mouse HSCs (FIGS. 11A-
11B). In both cases, cells proliferate at a similar, if not
higher, rate than those in bulk experiments in traditional
culture dishes.

Highly Viable Cultivation and Differentiation of Neural
Stem Cells and 3-D Neuronal Organoids

In certain embodiments, the tall height (150 pm) of the
present 2-level design extends the chip’s functionality into
3D culture of cells and organoids. Without exposing the
culture chamber to flow, stable experimental conditions,
e.g., conditional media and the integrity of hydrogels, can be
well maintained. Unlike mouse HSCs, which have been
studied rather extensively as a model system, embryonic
neural stem cells (NSCs) are extremely sensitive to their
environment and there have been only limited successes
when cultured in microfluidic devices (Dorshkind, et al.,
2010). Studies show that variations in environmental con-
ditions may lead to spurious cell response, decreased growth
rate and even cell death (Wolfe, et al., 2013).

Here, the inventors demonstrate the capability of the
present chip in long-term culturing of NSCs under three
distinct modes: (1) suspension, (2) adherent and (3) in 3D
hydrogel culture. Expression of HesS protein, one of the
downstream gene targets upon Notch signaling activation, is
used as the marker for NSCs self-renewal (Ohtsuka, et al.,
2001; Basak, et al., 2007). The inventors therefore used
mouse derived primary NSCs and monitored the expression
of the fusion protein Hes5-GFP to probe the NSC self-
renewal and differentiation. For adherent culture, the inven-
tors tested several protocols, and found that NSCs would
gradually dissemble, spread, and migrate on the PDMS
surface coated with poly-lysine and laminin without FACS
sorting and dissociation (FIG. 4A). Visible features such as
cell morphology, Hes5-GFP level and cell growth are moni-
tored for a week in these dissociated cells. Upon spreading,
the overall Hes5-GFP level of single NSCs remains
unchanged. During the (irst 24-hour continuous feeding (20
sec feeding with 30 min interval), the cell number roughly
doubles.

In certain embodiments, for suspension neurosphere and
3D hydrogel culture, NSCs spheres are directly loaded into
untreated (bare PDMS) culture chamber either with or
without collagen hydrogel, respectively (FIGS. 4B and 4C).
Through live cell imaging, the inventors observed that the
diameter of NSCs sphere roughly doubles (corresponding to
approximately 8-time increase in monolayer culture assum-
ing a constant cell volume) in both cases after 6 days of
culture. Despite sharing similar growth rate, NSCs spheres
cultured in 3D hydrogel exhibited more extended axons and
elongated shape, suggesting higher degree of cell attachment
to the surrounding hydrogel. The inventors further demon-
strated that such cultured cells can be recovered and used for
further studies by retrieving NSCs spheres from the device



US 11,912,970 B2

15

and cultivating them in the 96-well plate successfully (FIG.
12B). Altogether, these results show that the present micro-
fluidic chip can be used for culture of suspension, adherent
and 3D spheres of embryonic NSCs and has the potential for
studies on organoids.
Combinatorial and Dynamic Stimulation to Study Neural
Stem Cell Differentiation and Brain Development

Stem cell niche consists of a combination of signaling
molecules and growth factors whose type and concentration
change over time. To recapitulate the signaling niche and
early transcriptional events during mammalian forebrain
development in vitro, the inventors took advantage of the
capabilities and the throughput of the present system and
cultured NSCs under complex and time varying signaling
inputs. In RN Aseq measurements, the inventors identified 6
signaling molecules that are highly expressed during early
mouse forebrain development, these are PDGF, CXCL,
PACAP, DLL, Jagged, and EGF. To understand how the
NSCs’ differentiation and self-renewal is regulated by the
temporal sequence of participating ligands, a series of com-
binatorial and sequential inputs of these 6 selected ligands
are generated on-chip (FIG. 5, 7, FIGS. 13-16). In total,
around 800 conditions (including sequential, combinatorial
and dose-dependent conditions) were generated and deliv-

ered to designated cell culture chambers that hold primary >

mouse NSCs. Some cells were stimulated with different
permutations of all available ligands during the entire
experiment (combinatorial inputs)., while others were stimu-
lated with a different ligand every day (sequential inputs).
The cells expressed Hes5-GFP as well as Dcx-DsRed pro-
tein. These reporters along with the analysis of cell mor-
phology and growth indicated either stemness (high Hes5,
low Dcx), or differentiated neurons (low Hes5 and high Dcex,
and neuron-like morphology), or Astrocytes (low Hes5, and
astrocyte-like morphology).

The inventors observed large and quantifiable differences
in growth rate, morphology, Hes5 and Dcx levels in the
adherent NSCs culture (FIG. 5B). The inventors compared
these features obtained under each condition (sequential and
combinatorial) to that of control experiments where NSCs
are cultured in normal media (FIG. 22).

Discussion

The high-throughput microfluidic system the inventors
demonstrated here represents the next generation of cell
culture and live-cell analysis systems suitable for a wide
range of applications in stem cells, immune signaling and
organoids. In certain embodiments, the inventors exceed the
existing throughput of independently addressable microflu-
idic cell culture systems by nearly 20-fold. This truly
lab-on-a-chip platform has advantageous features including
an advanced yet simple 2-level cell culture chamber, which
allows precise control over media and signaling input deliv-
ery while maintaining a stable cellular environment. The
capacity of generating both static and dynamic complex
inputs (such as pulsed or sinusoidal inputs), together with, in
certain embodiments, 1,500 individually-addressable cul-
ture units, provides powerful solutions for screening studies.
particularly for the studies of the complex environmental
effects on cellular responses, most of which used to be
technologically challenging and time-consuming before this
study.

One advantage of the device, offered by its two-layer
chamber geometry, is the spatial separation between the
culture chamber and buffering area used for media delivery
(FIG. 1C). The 2-level device reported here provides an
elegant solution with a buffering layer imbedded that serves
as a cushion during media exchange. It is found that flow
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remains zero at the bottom of the culture unit with up to 10
mm/sec flow rate in the buffer chamber. This robustness
against shear flow is critical for studies on sensitive primary
cells and other delicate biological samples. Additionally,
while maintaining cells in the shear-free environment, the
chip is able to perform rapid and complete fluid exchange,
either by direct flow or by diffusion. which is important for
cell signaling studies. In certain embodiments, with 4-valve
control, fluid can be directed either through the buffering
layer or directly over the culture chamber (FIGS. 1D and
1E). In certain embodiments, the 150 pm height of the
culture chamber further extends the chip’s functionality to
accommodate biological samples in 3D micro-environment
such as embryonic NSCs neurospheres.

Named as a “Universal Cell Culture Chip”, its universal-
ity has been examined using a wide range of both cell lines
(including fibroblast 3T3 cell, Raw 264 ccll and Jurkat T
cell) and primary cells (including mice HSCs. human HSCs
and mice embryonic NSCs). This list of cells includes both
adherent and suspension cells. It is observed that fibroblast
3T3 and Jurkat T cells proliferate at a comparable rate as if
in traditional culture in a dish (FIG. 11A). Cell retrieval from
the chip (3T3 and Jurkat, respectively) through fast fluid
flow can achieve >95% efliciency. Fibroblast NF-kB
response to TNF-alpha stimulation in the present culture
system was seen to reproduce previous findings in this
important signaling pathway. Due to extremely improved
culture conditions in the present device compared to previ-
ous microfluidic culture systems, the inventors were able to
load and maintain single fibroblast cells in isolation and
stimulate them with various doses and timings of TNF-
alpha. Such multiplexed control and analysis of NF-kB
response in isolated live cells was not demonstrated before.

Although human HSCs culturing is more challenging for
on-chip culture compared with mice HSCs, the inventors
still can observe clear cell proliferation during the present
6-day chip experiment (FIG. 3B and FIG. 11B). One dif-
ference lies in that human HSCs employed in this study are
purified human CD34+ cells, which are 98% pure HSCs and
have been typically used to model HSCT in preclinical
mouse models. While, mice HSCs cells are freshly isolated
CD45+EPCR+CD48-CD150+(E-SLAM) adult mouse bone
marrow cells, which are approximately 50% pure HSCs.
Human CD34+ cells are much lower in initial cell number
(a few thousands per harvest), which affects cell growth rate.
Loading approximately 10 cells per chamber, in one
embodiment, the present microfluidic device allows the
study on human HSCs to, for example, 200 conditions upon
1 sample harvest which generally only gave total of few
thousand cells. An instantaneous response ol mice HSCs to
M-CSF input suggests that media replacement through the
buffering layer is effective (FIG. 11B). Similarly, dose-
dependent TNF-alpha induced cell death is observed among
human HSCs (FIG. 3B). In both cases, HSCs show unper-
turbed migration trajectory and clear responses to pro-
grammed inputs, suggesting fluid is delivered to designated
culture unit without shear force disturbance.

In certain embodiments, with 150 jun chamber height,
NSCs spheres with diameters ranging from 10 to 100 um are
housed and allowed to grow. The diameter of the NSCs
spheres doubles after 5-day culturing on chip, indicating an
8 times increase in cell number (FIG. 4B). In 3D hydrogel,
despite that NSCs may adopt different morphologies, a
similar growth rate is observed (FIG. 4C). In adherent
culture, NSCs cell number doubles within the first 24 hours
(FIGS. 13A-13C). However, the number of cells is approxi-
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mately 150%-200% of initial number after 1-week incuba-
tion due to cells’ migration in-and-out of the field of view.

High-throughput independent chambers together with on-
chip formulation of chemical inputs enable previously-
intractable experiments mimicking complicated cellular
environments (including dynamic ligand inputs). As a dem-
onstration, 6 selected ligands that can bind to highly-ex-
pressed receptors during early embryonic forebrain devel-
opment (PDGF-AA, PACAP, CXCL, EGF, Jagged. DLL)
are introduced into designated chambers either as different
combinations or time sequences (FIG. 5 and FIG. 22).
Information on NSCs proliferation, HesS and Dex expres-
sion level, and cell morphology is obtained through live cell
imaging and automated single cell tracking and analysis.
The inventors found that NSCs cell growth rate, Hes5 and
Dcx level are not always correlated. These ligands, which
are introduced to designated chambers in sequential and
combinatorial manner, led to maintenance and growth of the
stem cell pool in the present experiments. These findings are
confirmed by the present experiment, in which the sole
presence of ligand PDGF increases Hes5 level by around
25% from its initial value (FIG. 6). The few distinguished
NSCs showing low growth rate and extended bipolar struc-
ture (~100 um in size) are proven to be immature neurons

through immunostaining (+beta-tubulin, +Hes5) (FIGS. 7B 2

and 7C). Meanwhile, most NSCs remain a stem cell mor-
phology (bipolar, ~50 um), suggesting the positive effect of
PDGF in NSCs self-renewal and NSCs heterogeneity. In
contrast, all NSCs exposed to combination of all 6 ligands
are +beta-tubulin and —Hes5. With morphologies carrying a
bipolar structure with extended axons, these NSCs are most
likely to be mature neurons (FIG. 7D) (Xiong, et al., 2014;
Otify, et al., 2014). After exhausting all permutations of the
6 ligands, the sequences leading to high Hes5 expression and
fast growth rate are identified through regression or classi-
fication tree analysis.

In summary, the high-throughput microfluidic device
described herein creates a long-term stable, shear-free
micro-environment that can be dynamically modulated
when needed, and enables the study of both suspension and
adherent cell types under complex but pre-programmable
dynamic inputs. The inventors further demonstrate its ver-
satility and capability by successfully cultivating various
cell lines as well as extremely sensitive primary cells. With
its capabilities of efficient on-chip mixing and chemical
input formulation, the device is applicable to personalized
therapy study by, for example, growing tumor organoids or
immune cells extracted directly from patients and by per-
forming drug screening. The device may be used to recon-
struct the complex cellular environment with dynamic inputs
and ultimately mimic various developmental stages of tis-
sues and organs.

Experimental and Analytical Procedures

Design and Fabrication of Microfluidic Chips

The inventors designed and fabricated the microfluidic
device according to the standard protocol, which is reported
elsewhere (Unger, et al.,, 2000). Briefly. the inventors
designed the two-layer device using AutoCAD (Autodesk
Inc., San Rafael, CA, USA), and then printed the sketch on
transparencies at 40 kdpi resolution (Fine Line Imaging.
Minneapolis, USA). Molds for PDMS casting were pro-
duced using standard soft-lithography. The channel network
of control layer as well as the flow channels for flow layer
and culture chambers was produced with either SU-8 3025
or SU-8 3075 (Microchem, Westborough, MA, USA) on
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silicon wafers. For the flow layer, the inventors additionally
used AZ-50X (AZ Electronic Materials, Luxembourg) at
valve positions. Photoresists were spun to a height of 25 pm
for channels, and 150 um for culture chambers. To fabricate
the chip, 72 g of PDMS (10:1 of monomer:catalyst ratio)
was mixed, de-bubbled and poured over the Trimethylchlo-
rosilane treated patterned silicon wafer. The PDMS was then
cured for 60 min at 80° C. Following plasma and alignment
between flow and control layer, inlet holes were then
punched after two-hour thermal bonding. The chip was
bonded to a PDMS coated coverslip and cured for at least 12
hours at 80° C. before use.

Chip Setup, Operation and Control

‘T'he glass slide carrying the microfluidic chip was cleaned
and taped on a slide holder. Control channels were con-
nected to miniature pneumatic solenoid valves (Festo, Swit-
zerland) that were controlled with a custom MATLAB
(MathWorks, US) through graphical user interface (Gomez,
et al). Optimal closing pressures of push-up PDMS mem-
brane valves were determined individually for each chip,
typically ranging from 25 to 30 psi. The cell culture cham-
bers were treated with either fibronectin (0.25 mg/ml;
Millipore, Austria) for 3T3 cell culture or poly-lysine
(0.01%, Sigma-Aldrich) followed by laminin (1 to 2 mg/ml,
Sigma-Aldrich) for adherent NSCs culture. The remaining
coating solution was flushed off from the chip using either
PBS or cell culture media. Cell culture media is pre-warmed
on chip for at least one hour before cell loading.

Cell Culture and Loading

For standard cell lines, the inventors used Jurkat cells,
RAW 264.7 macrophages p65-/— with p65-GFP and H2B-
dsRed, as well as NIH 3T3 p65-/- cells with p65-dsRed and
H2B-GFP for tracking and analysis of NF-xB activation.
These cells are cultured according to the established proto-
cols (Lee, et al., 2014). To seed cells into the chip, adherent
cells are harvested at 80% confluence with trypsin, re-
suspended and loaded into chips through semi-automated
loading program at cell density from 10™* to 10° per milliliter
depending on the desired cell density.

Murine hematopoietic stem cells (HSC) are isolated by
FACSAria I1I flow cytometer (BD Biosciences) as Lin-/c-
Kit+/Sca-1+/CD48-/CD150+/CD34- (lineage, Lin: CD3e/
CDI11b/CD19/CD41/B220/Gr-1/Ter-119),  which  are
approximately 50% pure HSCs. Macrophage colony-stimu-
lating factor (M-CSF), a myeloid cytokine released during
infection and inflammation, is employed to induce HSCs
differentiation. Human CD34+ cells were isolated from
mononuclear cells using EasySepTM human CD34 positive
selection kit (Stemcell Technologies, Vancouver, BC,
Canada). CD34+CD38-CD45RA-CD90+CD49f+ HSCs
were sorted using a FACSAria III flow cylometer (BD
Biosciences). Pro- and anti-inflammatory cytokines includ-
ing TNF, IFN(J, IL-6, IP10 and MCP-1 are introduced into
the cellular environment as single ligand and in combina-
tion. Embryonic NSCs with Hes-GFP and Dex-RFP report-
ers were isolated at embryonic day 13.5 from a transgenic
mice carrying Hes-GFP and Dcx-RFP using standard pro-
tocol (Woo, et al., 2009; Basak, et al., 2007). The resulting
primary cells were verified to carry both Hes5-GFP and
Dcx-REP after isolation and allowed to grow for few pas-
sages before use in the experiments (Giachino, et al., 2009).
NSCs were cultured as neurospheres in culture media
(DMEM/F12+Glutamax (Gibco No:31331-028); 10 U/ml
penicillin; 10 ug/ml Streptomycin; B27 supplement (1:50);
FGF growth factor 0.02 ug/ml). As NSCs are sensitive to
environmental variations, cell handling protocol before
loading into the chip is examined systematically (including
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dissociation, FACS sorting, etc.). To obtain the optimal
results, NSCs spheres are collected and loaded into the chip
24 hours after fresh dissociation wherein each sphere con-
tains ~7 to 10 cells. To avoid potential artifacts due to
prolonged in vitro culture, only NSCs within 10 passages
were used in the study. In control experiments, transferring
chip-cultured NSCs to a well-plate shows the sphere-form-
ing ability of HesS-positive cells, validating Hes5 as a
self-maintenance marker in the present experiments (FIGS.
12A-12B) (Behnan, et al., 2016).

The environmental conditions are maintained using tem-
perature control and incubator system (Life Cell Imaging
Service GmbH, Basel, Switzerland), which consists of a box
surrounding the microscope, to strictly 37° C. and >98%
humidity and 5% CO2 during the experiment, and the
PDMS chip is covered with a stage-top-incubator connected
to a humidifier and a gas exchanger.

Live-Cell Fluorescence Microscopy and Data Analysis

For image acquisition, a Nikon Ti-ECLIPSE microscope
with an automated translation stage and a digital CMOS
camera (ORCA-Flash 4.0, Hamamatsu, Japan) was used.
The stage and image acquisition was controlled via the NIS
Elements software. Bright field and fluorescence images
were acquired and analyzed using a customized MATLAB

program (Mathworks, Austin, USA). The algorithm extracts 2

single cell traces including position, nuclear and cytoplasm
fluorescence level. For example, the 3T3 cell nuclear area in
each image is identified via the fluorescent nuclear marker
GFP, and then the mean value of the nuclear intensity of the
p65-DsRed marker is measured, and plotted as a function of
tinie.

Signaling Logic Rules in Neural Stem Cell Differentiation
and Self-Renewal

Cells operate in dynamic microenvironments where the
type and concentration of signaling molecules are ever
changing. The stem cell niche presents a range of signaling
molecules and growth factors to maintain the stem cell pool.
During development or injury, the chemical composition of
the niche changes to allow differentiation into defined cell
lineages. Signals received at different cell-fate decision
points determine differentiation trajectories (Hemberger et
al., 2009). It is highly desirable to recapitulate such dynamic
signaling environments in experiments to study stem cell
behavior quantitatively, as well as in tissue regeneration
applications.

Current live-cell analysis techniques are severely limited
in creating and controlling complex dynamical microenvi-
ronments. Microfluidic cell culture has been proposed to
improve time-consuming and labor-intensive tasks by auto-
mating operations (Unger, 2000; Millet, et al., 2012;
Lecault, et al., 2011; Sackmann, et al., 2014; Jeong. et al.,
2015; Gomez-Sjoberg, et al., 2007, Mehling, et al., 2014),
and to realize previously intractable experiments in dynamic
cell culture (Jeong, et al., 2015). Individual devices for
sorting, culturing, dynamically stimulating, imaging, track-
ing and retrieving cells have been demonstrated, however,
none of the current systems combine these capabilities.
Further, the number of individual dynamic culture condi-
tions created in previous microfluidic devices has been
limited to less than one hundred (Gomez-Sjoberg, et al.,
2007), limiting their utility in screening a large number of
conditions in exploratory signaling and drug studies. Addi-
tionally, maintaining long-term viable cultures of sensitive
primary mammalian cells in microfluidic devices was so far
elusive (Mehling, et al., 2014; Millet, et al.).

To address all of these limitations and to realize a uni-
versal system for dynamical cell control and analysis, the
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inventors developed an ultra-multiplexed microfluidic sys-
tem that combines multi-mode cell culture (single cell, 2-D
monolayer and in 3-D organoids), generation of dynamic
chemical inputs, and 1.500 individually addressable cell
culture units on a single device (FIG. 1). Each of the 1,500
culture chambers can be programmed to receive a different
set of signaling molecules, growth factors, or drugs, whose
composition and concentration can be automatically
changed on-demand. Culture conditions including cell type,
cell density, and support matrices can be predetermined for
each independent chamber. Coupled with custom software
for chip control and computational data processing, the
system can perform programmed delivery of thousands of
formulated fluidic inputs to designate on-chip culture units,
while monitoring and analyzing cellular responses via live-
cell microscopy and end-point biochemical analysis meth-
ods (FIG. 1D). In a typical 1-week long experiment, this
system tracks ~30,000 individual cells cultured under 1,500
dynamic individual conditions by performing ~106 pipetting
steps with nanoliter precision, and creates millions of single-
cell data points. These are capabilities well beyond manual,
robotic or other microfluidic systems in terms of labor, cost,
and time.

Cultivating a broad range cells in dynamic microenviron-
ments requires precise control of cell density, surface prop-
erties, support matrices, gas and fluidic exchange, media and
growth factor delivery, and humidity. To realize this, the
inventors designed a simple two-layer culture chamber that
creates a consistent microenvironment for long-term cellular
studies (FIG. 1B, 1C). The 3-D culture chamber can deliver
media and ligands to cells via diffusion, preventing cells
from undesirable shear stress and displacement in live-cell
tracking experiments (FIGS. 1C, 1D. 1E and S1). The use of
diffusion based media delivery is flow-free, gentle and
creates minimal mechanical disturbance to the cellular
microenvironment. The culture chamber can be loaded with
gels and other support matrices to enable 3-D cell organi-
zation (FIG. 1C, 1E and FIG. S4). Furthermore, on-demand
cell retrieval from designate chambers is possible by auto-
matic switching to flow-based media delivery (FIG. 1C, S1).
To formulate complex and dynamic chemical inputs on chip,
the inventors designed and integrated a new microfluidic
chemical formulator. A wide range of time-varying chemical
inputs with distinct characteristics (i.e. pulsed and sinusoidal
inputs) can be generated from a few previously prepared
fluid vials connected to the chip, and can be delivered to live
cells with sub-minute temporal resolution by diffusion, or
with sub-second resolution by regulated flow (FIG. 1A).

The Achilles heel for microfluidic cell culture has been
poor cell viability, which has been especially severe for
sensitive primary mammalian cells (Mehling, et al., 2014;
Millet, et al., 2007). To demonstrate general cell viability in
the present system, the inventors first cultured mouse fibro-
blast cells and primary human hematopoietic stem cells
(HSCs) in adherent and suspension culture modes, respec-
tively, and stimulated them either with constant, pulsed or
sinusoidal formulations of the inflammatory cytokine TNF
to induce NF-kB signaling (Kellog, et al., 2015) (FIG. 1A,
FIGS. 3A-3C, FIG. 11A, and FIG. 16). Dynamic stimulation
and indexed tracking of non-adherent cells like I[ISCs was
not feasible before the present study due to flow-based
stimulation displacing cells and preventing single-cell track-
ing. The inventors stimulated human HSC’s with different
concentrations of TNF as well as in combinations with other
cytokines (IFNy, 1L-6, IP10 and MCP-1), and with dynamic
(time-dependent) variations of selected cytokines. Viability
for various cell types was further demonstrated by culturing
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suspension cells including the Jurkat T cell line and mouse
HSCs (FIG. 1E and FIG. 11A). In both cases, cells prolif-
erated at similar, if not higher rates than those in bulk
experiments in traditional culture dishes.

The inventors cultured primary mouse embryonic neural
stem cells (NSCs) and stimulated them on the present chip
for weeks under three distinct modes: suspension as single
cell or as neurosphere, adherent monolayer, and 3D in
hydrogels (FIG. 1E, 2, and FIGS. 12A-12B). The number of
adherent NSC's increases by 50% after 24 hours, comparable
to traditional well-plate culture. Meanwhile, the diameter of
NSCs in suspension and 3D gel culture both doubled after 4
days of on-chip culture (FIG. 1E). NSCs differentiation and
self-maintenance can be assessed at the single cell level via
tracking of marker expression; Hes5-GFP of self-renewing
NSCs and Dex-RFP to label neuroblasts (Basak, et al., 2007,
Haas, et al., 2010; Basak, et al., 2012; Sykova, et al., 2013;
Behnan, et al., 2016).

To study early signaling events during mammalian fore-
brain development in vitro, the inventors dynamically ana-
lyzed NSCs under combinatorial and time-varying signaling
inputs in the present system (FIGS. 6A-6D and 8A-8E). The
six selected signaling molecules were identified through
RNA sequencing of NSCs isolated from embryonic mouse

brain tissue, whose receptors are highly expressed during >

mouse forebrain development. These factors were Jaggedl,
DLL1, EGF, PACAP, CXCL and PDGF (Atlas, 2017). The
effect of these ligands on NSC differentiation and self-
maintenance is not well understood. The inventors hypoth-
esized that the different combinations and temporal ordering
of these ligands will lead to distinct cell fate outcomes. The
inventors therefore generated thousands of combinations
and temporal sequences of these ligands on the chip, and
delivered them to NSCs cultured in different chambers while
monitoring their differentiation and growth at the single cell
level by time-lapse microscopy (FIG. 6A). Millions of single
cell data points were generated and quantified in these
experiments. The stimulation input conditions are summa-
rized in FIGS. 22 and 23.

High HesS expression in NSCs indicates maintenance of
the stem cell state, while reduced Hes5 indicates progression
towards differentiation (Basak, et al., 2007). The inventors
found many culture experiments where entire populations
progressed towards differentiation (FIG. 6 A-6C). Neverthe-
less, there is significant variability at the single cell level in
a given culture condition (FIG. 6C-6E). Distinct prolifera-
tion patterns were observed in spite of similar Hes5-GFP
levels (FIG. 6D. 6E). Overall, NSCs proliferate at different
rates depending on initial cell density, with higher densities
leading to higher proliferation rates (FIG. 6E). Mean Hes5
expression levels and single-cell heterogeneity strongly
depended on the signaling inputs received by each NSC
culture.

To investigate the role of combinatorial or temporal
ordering of signals in NSC differentiation, the inventors
cultured NSCs under combinatorial and sequential applica-
tions of the six regulatory ligands (FIG. 8A, FIGS. 22 and
23). For each independent NSC culture on the chip, the
inventors introduced either one ligand each day (sequential
inputs), or a combination of the selected ligands over a
six-day period (combinatorial inputs). The inventors mea-
sured the ratio of the ligand-treated cells to untreated control
for cell number and Hes5-GFP expression intensity. Each
chip experiment consisted of 63 combinatorial and 720
sequential stimulation experiments, with duplicates (FIG.
8B). Multiple experiments were repeated resulting in nearly
3000 dynamic cultures analyzed. The inventors subjected all
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experimental outputs of NSC cell numbers and Hes5 expres-
sion to regression and classification tree analyses. NSCs’
cellular states were categorized into two groups: differen-
tiation (with decreased Hes5 level and cell numbers) and
self-renewal (with increased Hes5 level and cell numbers)
(FIG. 8D).

The inventors’ computational analysis revealed the over-
all role of each ligand in hundreds of complex experiments
(FIG. 8C). In single ligand experiments, cells were stimu-
lated with only one ligand and cell numbers and Hes5 levels
were recorded. In combinatorial and sequential stimulation
experiments, the ligands of interest were present in a com-
plex mixture of other ligands, and the inventors identified its
overall effect by averaging over groups of experiments. The
role of each ligand depended on whether it was delivered
alone, or in combination with other ligands. The variation
between individual experiments using the same ligand indi-
cated that the role of a ligand is highly context dependent,
and the presence of other ligands can switch the role of that
signaling molecule. For example, PACAP leads to decreased
cell numbers in certain combinatorial experinients, but it
also leads to increased cell numbers in other combinations,
depending on its partner ligands (FIG. 8C). Similar role-
switching behavior was also seen on Hes5 expression under
PDGF stimulation.

Decision tree analysis, described in more detail below,
resulted in distinct and nontrivial “cellular logic rules”
leading to the two cell fate outcomes (FIG. 8D, 8E, and FIG.
18). For example, the inventors found that the simple
presence of PACAP or PDGF on the 1st day of culture was
enough to drive high cell proliferation or high Hes5 expres-
sion levels, respectively. Another notable and rather com-
plex input sequence leading to higher cell proliferation
includes [Jagged at day 1, EGF at day 2, CXCL at day 4].
On the other hand, input sequences such as [DLL at day 1]
or [EGF at day 1, PACAP at day 2] were found to prefer-
entially cause differentiation. The existence of both simple
and complex rules leading to the same outcome indicates
redundancy in signaling pathways controlling cell fate deci-
sions.

The summary of signaling principles in NSCs differen-
tiation and self-maintenance, as uncovered by dynamical
single-cell culture and decision tree analysis, is described in
FIG. 9A-9H. These principles pertaining to the role of
signaling inputs first highlight the importance of the envi-
ronmental context and signal timing in NSC differentiation.
For example, NSCs are directed to either self-renewal (high
Hes5 expression) or differentiation (low Hes5 expression)
by changing only one ligand within the combination (Jagged
to DLL, FIG. 9A). Similarly, changing the temporal order of
a single ligand can direct NSCs to dillerent cell fates (FIG.
9B): delivering EGF on day 2 led to high Hes5 expression
levels and unchanged cell numbers indicating maintenance
of the stem cell pool, whereas moving the application of
EGF to day 6 led to a significant reduction in Hes5S expres-
sion indicative of differentiation.

Decision-tree analysis of sequential stimulation experi-
ments showed that there are optimal signaling routes to
different outcomes. For example, the optimal route of signal
input sequence leading to NSCs self-renewal was found to
be Jagged (day 1) >>EGF (day2) >>CXCL (day4). Any
deviation from this route (i.e. changing the ligand order) led
to a reduction in the corresponding effect (FIG. 9C). The
inventors also found that many signaling molecules show
synergistic or antagonistic effects on NSCs proliferation or
Hes5 expression (FIG. 9C). The combination of any 2
ligands may lead to either enhanced (synergistic) or reduced
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(antagonistic) effects compared to experiments that use these
ligands in isolation. For example, experiments with DLL+
EGF induce an increased cell number of 250%, more than
the total of experiments that used only DLL or EGF (100%
and 60%, respectively).

Another principle that emerged from the inventors’ analy-
sis was cellular commitment. Under specific inputs, the
inventors found that cells at various decision points com-
mitted towards to either differentiation or self-renewal. and
ignored the signals that come came afterwards. FIG. 9E
shows actual input sequences that indicate commitment for
self-renewal and differentiation. For example, after cells
received PDGF-DLL-Jagged, all other signal combinations
lead to high Hes5 expression and high cell numbers, indi-
cating maintenance of the stem cell state. Similarly, after
delivery of DLL-PDGF-CXCL, most signal combinations
lead to low Hes5 expression and low cell numbers indicating
differentiation. Therefore, the inventors found that under
certain stimulation conditions NSCs cell fate can be deter-
mined mostly by the sequence of ligand inputs within the
first 3 days of culture, and the inputs received during the last
3 days do not change the determined cell fate.

The inventors also found that signaling molecules can act
bi-directionally on stem cell fate, and the exact role of a
given signaling molecule is determined by either timing of
that molecule, or by its pre-conditions (FIG. 9F). For
example, PDGF introduced on the day-1 leads to NSCs
self-renewal in most sequential experiments. However,
moving PDGF to day-2 and introducing DLL in day-1
switches the role of PDGF and leads to promoting differ-
entiation. A similar bi-directionality was also found for
signaling molecules CXCL, and PDGF.

The inventors found that increasing environmental com-
plexity (i.e. increasing the number of ligands) generally
suppressed NSCs proliferation, however, reducing the input
complexity enhanced the stem cell pool (FIG. 9G). Includ-
ing more ligands in either in combination or sequentially led
to an overall reduction of the proliferation rate compared to
control, while the Hes5 expression levels remained rela-
tively unchanged. This finding indicates that if the signaling
environment becomes increasingly complex, stem cells
commit and differentiate. Finally, the inventors’ analyses
reveal that signaling pathways that promote self-renewal and
differentiation are highly redundant reflecting the intrinsic
flexibility of stem cells to respond to their dynamic envi-
ronment and niche (FIG. 9H). The inventors find multiple
combinatorial and sequential input conditions that lead to
the same cell fate (for example, similar Hes5 level and cell
numbers at day 6), which suggests redundancy in NSC
signaling.

In this study, the inventors present an ultra-multiplexed
microfluidic technology with unprecedented capabilities for
high-throughput live cell analysis under complex and
dynamic signals. In record-breaking fashion, the present
microfluidic system mapped the signaling landscape of NSC
differentiation in 3,000 distinct microenvironments that
mimic the dynamical stem cell niche. By computational and
statistical analyses of thousands of live-cell experiments, the
inventors identified cellular decision points and differentia-
tion trajectories. The present microfluidic system greatly
shortens the time-span and improves the reproducibility of
high-throughput screening processes with live cells. This
technology allows the analysis of unprecedented combina-
torial complexity, which may have relevance for the
dynamic and regulated microenvironment of the tissue dur-
ing homeostasis and regeneration.
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Decision Tree Analysis

In this work, the inventors use decision tree analysis to
generate descriptive and predictive models which map mea-
surements about cell phenotypic features (i.e., cell count and
Hes5-GFP expression) to experimental conditions (ie..
sequential and combinatorial application of six regulatory
ligands) (Breiman, 1984). The built decision trees partition
the data space recursively according to evolving decisions
on current best split (Therneau, et al. 2017).

Here, variance Var(X) is used as a measure of heteroge-
neity for the dataset X with n samples, which can be
formulated as:

1won wn 1
Var(X) - ;21:12;:1 S0 = .

From the parental to the children sets. the goal is to reduce
the variance as much as possible. The inventors quantify the
change in variance from a prior state to a state given a
decision attribute o (i.e., the choice of experimental condi-
tions) using Variance Reduction VR(X, o) as shown in the
equation:

VR(X,c)=Var(X)—Var(Xlc)

The decision attribute coming with the largest VR value
is deemed to be a dominant factor. One can select the ‘best’
split accordingly, in which the reduction of variance is
maximal and the most significant change in NSCs status is
observed, by comparing the resulting VR values for all
possible decision attributes. For example, in this study, the
decisions are True/False statements on the presence of 6
ligands—Jagged, DLL, EGF, PACAP, CXCL, PDGF (com-
binatorial inputs) and the sequence of ligand additions with
time coordinates assigned (sequential inputs). Based on the
model, the inventors can identify casual factors that deter-
mine the fate of NSCs: self-renewal, proliferation and dif-
ferentiation.

Decision tree results were cross-validated 10 times by R
rpart package and at each time Y10 of the data are randomly
selected and held for validating the prediction accuracy. The
R rpart implementation first fits a fully grown tree on the
entire data D with T terminal nodes. After this step, the tree
is pruned to the smallest tree with lowest miss-classification
loss. The following steps are implemented:

1. The data is split into n (default=10) randomly selected

folds: F1 to F10

2. It then uses 10-fold cross-validation and fits each
sub-tree T1 . . . Tm on each training fold Ds.

3. The corresponding miss-classification loss (risk) Rm
for each sub-tree is then calculated by comparing the
class predicted for the validation fold vs. actual class:
and this risk value for each sub-tree is summed up for
all folds.

4. The complexity parameter § giving the lowest total risk
over the whole dataset is finally selected.

5. The full data is then fit using this complexity parameter
and this tree is selected as the best trimmed tree.

Permutation Test

One-tailed permutation test is used to examine statistical
significance (p<0.05 and relative increase of means >5%, or
p<0.05 and relative decrease of means >5%) of biological
findings under sequential and combinatorial inputs, and it
builds (rather than assumes) sampling distribution through
bootstrapping (Good, 2005).
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Permutation Test and Decision Tree Analysis of Sequential
Inputs on NSCs Hes-5 Level

The effect of ligands on NSCs fate decision is dynami-
cally sampled and integrated temporally within the recon-
structed micro-environment, which is composed of archi-
tectural (e.g. surface, ECM, etc.) and other participating
molecules throughout the developmental process. By track-
ing averaged NSCs Hes5 and Dcx level, as well as prolif-
eration results within the categorized groups from the pres-
ent dynamic input experiment, the inventors found rather
complex but intriguing patterns individual ligands possesses
on NSCs’ differentiation and self-renewal. Below shows the
list of individual ligands’ effect based on NSCs Hes5 expres-
sion in the present sequential input experiment.

1.1. DLL tends to drive NSC to self-renewal, but it
requires favorable pre-conditions:

Evidence a: Adding DLL at day 1 makes no significant
impact;

Evidence b: With CXCL or PDGF added at day 1.
applying DLL on the following day increases Hes5 expres-
sion considerably by a factor of 1.10 or 1.16.

1.2. The function of Jagged can be bi-directional, depend-
ing on pre-conditions:

Evidence a: Adding Jagged at day 1 decreases Hes5
expression to 94.5% of the control, driving NSCs to differ-
entiation:

Evidence b: However, Jagged will turn to enhance Hes5
expression, as long as DLL is added before Jagged in the
first 3 days, no matter which scenarios as follows: DLL day
1—Jagged day2; DLL day 1—any other ligands day 2—Jag-
ged day 3; any other ligands day 1—=DLL day2—Jagged day
3. These suggest that DLL can reshape Jagged’s role played
in Hes5-expression.

1.3. EGF exerts differentiation-preferable influence, if
applied on the first day:

Evidence a: Adding EGF at day 1 decreases Hes5 expres-
sion to 86.8% of the control level, the largest reduction seen
in all 6 ligands if applied at day 1, driving NSC to differ-
entiation.

1.4. PACAP’s inhibitory effect on Hes5 expression is
conditional:

Evidence a: Adding PACAP at day 1 makes no significant
impact;

Evidence b: With EGF added at day 1, the Hes5 expres-
sion would drop dramatically to 17.7% of the control level,
if PACAP is given on the following day, strongly driving
NSCs to differentiation;

1.5. CXCL can also function in two directions given
different pre-conditions:

Evidence a: Adding CXCL at day 1 increases Hes5
expression to 117.7% of the control level, favoring self-
renewal;

Evidence b: However, adding Jagged at day 1, which
drives NSC to differentiation, also steers CXCL, if applied
on the next day, to function in the same way, decreasing the
Hes5 expression to 68.1% of the control level.

1.6. Similarly, PDGF is also bi-functional:

Evidence a: Adding PDGF at day 1 increases the Hes5
expression to 126.6% of the control level, the largest
increase seen in all 6 ligands if applied at day 1, strongly
favoring self-renewal;

Evidence b: Its role turns to be opposite if applied at day
2 with DLL added at day 1. and the Hes5 expression drops
to 89.2% of the control level.
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Below are the routes obtained through decision tree
analysis leading to largest increase/decrease of Hes5 expres-
sion:

2.1. The route “PDGF at day 1—DLL at day 2—Jagged
at day 3” leads to a monotonic increase of Hes5 expression,
and its mean ratio relative to control raises incrementally
from 1.06 to 1.27, 1.46 and 2.32 (as shown in FIG. 8D);

2.2. The route “CXCL at day 1—=DLL at day 2—Jagged
at day 3” also leads to a monotonic increase of Hes5
expression till 1.87 times of the control level (as shown in
FIG. 8D);

2.3. On the other hand, the route “EGF at day 1 =PACAP
at day 2” leads to a monotonic decrease of Hes5 expression
till 17.7% of the control level, strongly driving NSCs to
differentiation (as shown in FIG. 8D):

2.4. The route “Jagged at day 1—-=CXCL at day 2” leads
to a monotonic decrease of HesS expression till 68.1% of the
control level (as shown in FIG. 8D);

2.5. Finally, the route “DLL at day 1—PDGF at day
2—CXCL at day 3 leads to a monotonic decrease of Hes5
expression till 33.5% of the control level (as shown in FIG.
8D).

Permutation Test and Decision Tree Analysis of Sequential
Inputs on NSCs Proliferation

NSCs proliferation, as another character for stemness, is
subjected to the same decision tree and perturbation test as
well. Ligands, which are capable of promoting and inhibit-
ing NSCs proliferation, are defined as ‘activator’ and
‘inhibitor’, respectively. The obtained single ligands effect
and cellular rules are listed below:

1.1. Activator: Jagged

Evidence a: Adding Jagged at day 1 increases cell number
to 111.0% of the control.

1.2. Inhibitor: DLL and PDGF

Evidence a: Adding DLL at day 1 decreases cell number
to 90.0% of the control level.

Evidence b: Adding PDGF at day 1 decreases cell number
to 85.4% of the control level.

1.3. Conditional activator: EGF

Evidence a: Adding EGF at day 1 alone does not introduce
significant increase of cell number;

Evidence b: On top of added Jagged or CXCL at day 1,
adding FGF at day 2 further raises cell number by a factor
of 1.38 or 1.19.

1.4. Conditional and bi-directional: CXCL

Evidence a: Adding CXCL at day 1 alone does not
introduce significant increase of cell number;

Evidence b: With EGF added at day 1, introducing CXCL
on the following day would increases cell number by a factor
of 1.20.

Evidence c¢: Whereas if DLL and PDGF are applied on the
first two days, CXCL would exert proliferation-inhibitory
effect if added at day 3, and the cell number is thus reduced
to 56.9% of the control level.

1.5. Bi-directional: PACAP

Evidence a: Adding PACAP at day 1 increases cell
number 1o 115.4% of the control;

Evidence b: However, with PDGF added at day 1, apply-
ing PACAP on the next day would decrease the cell number
to 67.8% of the control level.

Below are the routes selected from decision tree analysis
leading to increased/decreased NSCs proliferation:

2.1. The route “PACAP at day 1 =EGF at day 3” leads to
increases of NSC cell number, and its mean ratio relative to
control raises from 0.989 to 1.15 and 1.46, strongly promot-
ing cell proliferation (as shown in FIG. 8D):
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2.2. Alternatively, the route “Jagged at day 1—=EGF at day
2—CXCL at day 4” also leads to a monotonic increase of
NSC cell number till 2.44 times of the control level (as
shown in FIG. 8D).

Permutation Test and Decision Tree Analysis of Combina-
torial Inputs

Subjecting combinatorial inputs to permutation test and
decision tree analysis, rules of single and combined ligands
are obtained on NSCs differentiation and self-renewal.

Subjecting NSCs Hes5 Expression Results to Permutation
Test

1.1. Among all 6 ligands, only PDGF can make significant
impact alone and tends to drive NSC to self-renewal,
increasing Hes5 expression by a factor of 1.06. However,
such increase would be offset if combined with DLL,
dropping back to 99.3% of the control level.

1.2. For the other ligands, a combination of at least two
ligands are required to drive NSC to self-renewal. Such
exemplar pairs are: DLL+Jagged, and EGF+Jagged, which
are capable to increase the Hes5 expression by a factor of
1.08, and 1.06, respectively, suggesting that they may func-
tion synergistically.

Subjecting NSCs Hes5 Expression Results to Decision
Tree Analysis

2.1. PDGF is identified to be most dominant ligand in 2

enhancing Hes5 expression, because its presence guarantees
that the mean ratio relative to control increases at least to
1.11. If the following conditions are further satisfied in an
additive manner, that is ‘without DLL, CXCL or EGF”, this
mean ratio would rise incrementally from 1.11 to 1.22, 1.37
and till 1.56 (as indicated in FIG. 18A);

2.2. Without PDGF’s presence, which results in a reduc-
tion of Hes5 expression to 98.7% of the control level, it is
DLL that subsequently determines NSCs’ fate in the fol-
lowing way: if DLL is again missing, the Hes5 expression
drops further to 94.3% and NSCs are approaching to dif-
ferentiation (as indicated in FIG. 18B). Conversely, if DLL
is present, the Hes5 expression would start to take oft and the
mean ratio relative to control increases to 1.03. This ratio
will further increase to 1.10 if accompanied with CXCL, and
even more to 1.22 if Jagged is also added (as indicated in
FIG. 18B).

Subjecting NSCs Proliferation Results to Permutation
Test

1.1. Among all 6 ligands, only PACAP can make signifi-
cant impact alone and promotes NSCs’ proliferation,
increasing cell number by a factor of 1.12.

Subjecting NSCs Proliferation Results to Decision Tree
Analysis

2.1. PACAP is identified to be most dominant ligand in
promoting cell proliferation, because its presence guarantees
that the mean ratio relative to control increases at least to
1.57. 1f the following conditions are further satisfied in an
additive manner, that is ‘without PDGF, DLL or Jagged”,
this mean ratio would rise incrementally from 1.57 to 1.77,
2.02 and till 2.33 (as shown in FIG. 18A);

2.2. Without PACAP’s presence, Jagged can reduce the
mean ratio of cell number relative to control to 1.14, and
further down to 1.08 if DLL is also added, down-regulating
cell proliferation (as shown in I'IG. 18A).

The above specification and examples provide a complete
description of the structure and use of illustrative embodi-
ments. Although certain embodiments have been described
above with a certain degree of particularity, or with refer-
ence to one or more individual embodiments, those skilled
in the art could make numerous alterations to the disclosed
embodiments without departing from the scope of this
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invention. As such, the various illustrative embodiments of
the methods and systems are not intended to be limited to the
particular forms disclosed. Rather, they include all modifi-
cations and alternatives falling within the scope of the
claims, and embodiments other than the one shown may
include some or all of the features of the depicted embodi-
ment. For example, elements may be omitted or combined as
a unitary structure, and/or connections may be substituted.
Further, where appropriate. aspects of any of the examples
described above may be combined with aspects of any of the
other examples described to form further examples having
comparable or different properties and/or functions, and
addressing the same or different problems. Similarly, it will
be understood that the benefits and advantages described
above may relate to one embodiment or may relate to several
embodinients.

The claims are not intended to include, and should not be
interpreted to include, means plus- or step-plus-function
limitations, unless such a limitation is explicitly recited in a
given claim using the phrase(s) “means for” or “step for,”
respectively.
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The invention claimed is:
1. A microfluidic device comprising;
a body defining a plurality of chamber units, each cham-
ber unit comprising:
an inlet;
an outlet;
a recess defining a chamber with a length in an x
direction, a width in a y direction that is perpendicu-
lar to the x direction, the chamber having a first
portion and a second portion, the first portion having
a first depth in a z direction which is perpendicular
to each of the x direction and the y direction, and the
second portion having a second depth in the z
direction that is greater than the first dept;
a first port in the first portion of the chamber;
a first channel extending between the inlet and the first
port;
a first valve (Valve 1) in fluid communication with the
first port and configured to be selectively opened to
permit fluid communication between the first port
and the first channel;
a second port in the first portion of the chamber;
a second valve (Valve 2) in fluid communication with
the second port and configured to be selectively
opened to permit fluid communication with the sec-
ond port;
a third port in the first portion of the chamber;
a third valve (Valve 3) in fluid communication with the
third port and configured to be selectively opened to
permit fluid communication with the third port;
a fourth port in the second portion of the chamber;
a fourth valve (Valve 4) in fluid communication with
the fourth port and configured to be selectively
opened to permit fluid communication with the
fourth port:
a second channel sequentially comnecting:
the first channel between inlet and the first valve,
the second valve such that the second channel fluidly
communicates with the second port when the
second valve is open,

the outlet at a point farther from the fourth port than
is the fourth valve, and

the third valve such that the second channel fluidly
communicates with the third port when the second
valve is open;
a fifth valve (Valve 5) disposed in the second channel
and configured to be selectively closed to prevent
fluid communication between the second valve and
the outlet;
a third channel connecting:
the first channel at the first valve such that the third
channel fluidly communicates with the first port
when the first valve is open, and

the second valve such that the third channel fluidly
communicates with the second port when the
second valve is open;
a fourth channel connecting:
the second valve such that the fourth channel fluidly
communicates with the second port and the third
channel when the second valve is open, and

the fourth valve such that the fourth channel fluidly
communicates with the fourth port and the outlet
when the fourth valve is open:
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a fifth channel connecting:
the third valve such that the fifth channel fluidly
communicates with the third port when the third
valve is open, and
the fourth valve such that the fifth channel fluidly
communicates with the outlet when the fourth
valve is open;
a sixth channel connecting:
the first valve such that the sixth channel fluidly
communicates with the first port when the first
valve is open, and
the third valve such that the sixth channel fluidly
communicates with the third port when the third
valve is opeiy
feed channels connecting at least two reservoirs to the
respective inlets of at least two of the plurality of
chamber units; and
a multiplexer between the feed channels and the respec-
tive inlets and configured to vary the ratio of at least
two substances flowing between the at least two
reservoirs and each of the respective inlets;
a valve control system capable of independently con-
trolling flow through each of the valves.

2. The microfluidic device of claim 1, wherein each of the
valves when open permits fluid flow between all of the
channels that connect with or intersect the respective valve,
and is further configured to be closed to prevent fluid flow
between all of the channels that connect with or intersect the
respective valve.

3. The microfluidic device of claim 1, wherein the second
depth is at least any one of, or between any two of 1.1, 1.2,
13,14,1.5,1.6,1.7,18,1.9,2.0,2.1,2.2, 2.3. 2.4, and/or
2.5 times the first depth.

4. The microfluidic device of claim 1, wherein the valves
comprise membranc valves.

5. The microfluidic device of claim 1, wherein each
chamber is rectangular along x and y directions.

6. The microfluidic device of claim 1, wherein the first
port of each chamber unit is disposed on an opposite side of
the respective chamber from the fourth port.

7. The microfluidic device of claim 1, wherein the second
port of each chamber unit is disposed on an opposite side of
the first portion of the respective chamber from the third
port.

8. The microfluidic device of claim 1, wherein fourth port
has a depth in the z direction that is no more than the first
depth of the first portion of the respective chamber.

9. The microfluidic device of claim 1, wherein the fourth
port of each chamber unit has a depth in the z direction that
is no more than 70%, 60%. 50%, 40%, 30%, or 20% of the
first depth of the first portion of the respective chamber.

10. The microfluidic device of claim 1, where the body
defines a number of chamber units that is at least as great as
any onc of, or between any two of: 100, 200, 300, 400, 500,
600, 700, 800, 900, 1,000, 1,250, 1,500, 2,000, 2,500, 5,000
and/or 10,000.

11. The microfluidic device of claim 1 wherein the z
dimension of the second portion of each chamber is at least
as great as any one of, or between any two of: 100, 200, 300,
400, 500, 600, 700, 800, 900, 1,000, 1,250, 1.500. 2,000,
2.500, 5,000, and/or 10,000 microns.

12. The microfluidic device of claim 1 wherein an x
dimension of each chamber is at least as great as any one of,
or between any two of: 100, 200, 300, 400, 500, 600, 700,
800. 900, 1,000, 1,250, 1,500, 2,000, 2,500, 5.000, and/or
10,000 microns.
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13. The microfluidic device of claim 1 wherein a y
dimension of each chamber is at least as great as any one of,
or between any two of: 10, 20, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 200, 250, and/or
500 microns.

14. The microfluidic device of claim 1 wherein the body
comprises glass, silicon, and/or plastic.

15. The microfluidic device of claim 1 wherein the body
comprises silicone.

16. The microfluidic device of claim 1 wherein the body
comprises polydimethylsilicone.

17. The microfluidic device of claim 1, further comprising
a computer configured to control the valve control system
and/or the multiplexer.

18. The device of claim 1, further comprising a micro-
scope configured to observe the contents of at least one
chamber.

19. The device of claim 18, further comprising a camera
configured to record an image of the contents of the at least
one chamber.

20. The device of claim 19, further comprising a computer
configured to analyze the image.

21. A method of loading cells into at least one chamber
unit of the device of claim 1, the method comprising;:

closing Valves 2, 3, and 5;

opening Valves 1 and 4; and

flowing a fluid containing cells through the at least one

chamber unit via sequentially: Valve 1, the first port, the
respective chamber of the at least one chamber unit, the
fourth port, Valve 4, and the outlet.

34

22. The method of claim 21, wherein after loading the
loaded at least one chamber unit contains at least one of, or
between any two of: 1,2, 3,4,5,6,7,8,9,10. 11, 12, 13,
14,15. 16, 17,18, 19, 20, 21, 22, 23, 24. 25, 26, 27. 28, 29,
30, 31, 32,33, 34, 35,36, 37,38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49 or 50 cells.

23. The method of claim 21, wherein the cells comprise
eukaryotic or prokaryotic cells.

24. The method of claim 23, wherein the cells comprise
human cells or cells derived from human cells.

25. A method of dispensing a substance into at least one
chamber unit of the device of claim 1, the method compris-
ing:

closing Valves 1, 4 and 5;

opening Valves 2 and 3; and

flowing a fluid containing the substance through the at

least one chamber unit via sequentially: Valve 2, the
second port, the respective chamber of the at least one
chamber unit, the third port, Valve 3, and the outlet.

26. The method of claim 21, further comprising:

retrieving the cells from the at least one chamber unit by:

closing Valves 2, 3, and 5;

opening Valves 1 and 4; and

flowing fluid through the at least one chamber unit via
sequentially: Valve 1, the first port, the respective
chamber of the at least one chamber unit, the fourth
port, Valve 4, and the outlet.



