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Microfluidic Materials

Glass / hard plastic Elastomers (PDMS) Paper
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Microfluidic Classitication

Active Devices Passive Devices
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Valve-Based Microfluidics
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Droplet Microfluidics
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Digital Microfluidics

(a) (c)
| Hydrophobic ‘ 1 1. Create droplets from reservoir
ayer
(™l | WD ]

EEI]E] FEESEIEEENEN

A

o

Dielectric layer

IEEEENE BN
S WHES

NN N N RN \_‘|:L|EE

(P



(P

Side View  Top View

Before Baking

After Baking

Paper Microfluidics

Nitrecellulose Membrane After Wax Printing After Baking

Decreasing Lenglh and Volume



Soft-Lithography

b e TPMtoresist
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Deposit
photoresist

Silicon wafer

Silicon wafer

Add mask 500 nm — 500 pm

/ -500 nim — 500 pum S

UV light exposure; -—
remove mask; - \
dissolve photoresist

Pour on PDMS:; /

cure (65°C) peel away PDMS

Embossed microstructures

Nature Reviews | Microbiology

) Rapid Prototyping using PDMS
D.C. Duffy, J.C. McDonald, O.J.A. Schueller, G.M. Whitesides, Anal. Chem., 70 (1998).



Multilayer Soft-Lithography

Flow channel

Control channel

Monolithic Microfabricated Valves and Pumps by Multilayer Soft Lithogrpahy

.(I)fl- M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer, S. R. Quake
Science 288, 113 (2000).
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Microfluidic Large-scale Integration

- A 1t Micromechanical Valve

Science 288, 113 (2000).
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Multiplex _‘L,;
: oontrol

N 4% M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer, S. R. Quake

2056 Valves
T. Thorsen, S. J. Maerkl, S. R. Quake
Science 298, 580 (2002).

7233 Valves
S. J. Maerkl and S. R. Quake
Science 315, 233 (2007).
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Chip Design

Pen & Paper
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\Vlola Fabrication
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Chip Fabrication

Please CLOSE the N2 valve
and
DON'T change the
PROGRAMS

. ~ 2.5 hours to fabricate a batch of chips (4-6 devices
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Microfluidic Setup
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Device Control
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Device Control
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Device Control
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Device Readout

Microscopy

DNA Array Scanners
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On-Chip Elements

Active

Valves
Peristaltic Pumps
MVixers
Freestanding Membranes
Multiplexers
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Passive

Fluld Trees
Cell Traps
Sieve Channels
Chaotic Mixers
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Multiplexers and Valve Cascades

Binary Multiplexer Ternary Multiplexer
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Free-standing Membranes (MITOMI Button)
A B
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A software reconfigurable device (FPGA)

% 7T Fluid Input a)
+ Software programmable device | /Output e
architecture  1//(8 * o
Reconfiguration can be done on '= b
the fly LD .
| | Muliplexer L W

Core consists of 8x8 columns /

[OWS

Intersections are controlled by

114 individually controllable
valves
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Multiplexor Control Scheme

a) b) C) d) e)
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Microfluidic State Reconfiguration
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Writing Paths and Liquid Displays










Mixing and Metering
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Mixing and Metering










Application Example: Cell Culturing

a) Loading o o |5 auna
chip I &

¢) Culture chip
No Induction
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Cell-Loading and Culturing
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Protein Biochemistry
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Mechanically Induced Trapping of Molecular Interactions

B Control Layer
B Flow Layer
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) | MITOMI Review:
.(I ﬂ. Maerkl and Quake, Science 2007. Garcia-Cordero and Maerkl, JALA 2015.



Mechanically Induced Trapping of Molecular Interactions
(MITOMI)

PDMS equilibrium binding mechanical trapping wash unbound molecules
Membrane
‘1‘; ':T_ia‘-. L ? ‘-‘;‘ R .\ A .\‘
Microfluidic 1 . §
Channel i s )
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H eyt o e et A - i . i ,H: ._
Substrate _ _
~ Cyb-labeled ¥ Transcription «w+% Penta-histidine
S target DNA f Factor Dimer + Antibody

4!

) | MITOMI Review:
.(I ﬂ- Maerkl and Quake, Science 2007. Garcia-Cordero and Maerkl, JALA 2015.



Solving the world to chip interface problem
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MITOMI Applications

®Protein - DNA

®Protein - RNA

®Protein - Protein
®Protein - small molecule
®HT kinetics
®Immunoassays

®Protein Engineering

MITOMI Review:
Garcia-Cordero and Maerkl, JALA 2015.
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Detection area

200um

200pm

5,000+

Surface
bound DNA (RFU)
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4,0007
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Surface
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Rapid and Uniform Button Actuation
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Transcription Factor Kinetics
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Molecular Diagnostics
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a; b - OVerflow
channel

- :
& Spotting . _ _
= chamber _~= Relief
~ valve

ell 3 -

CE, : Capacitors Neck

NI S B valve
B Sandwich —
o valves
- 4x MITOMI
+ Assay \ button

< chamber SN membranes

e “Calibrators”
Protein Standards .

* Biobanks L

e Clinical trials

* Hospital/Clinical labs
Blood serum samples

1. Sample“c I ctlon

2. Sample spotting &
slide storage

3. Device alignment & 4. Data analysis

microfluidic-based assay

= 02\ 09—
—l20f %—
_PDMs ] P E— P
0490 0 e o p oS
%M KA

: /‘ﬁ‘?/; I

e

esy

" /. Detection antibodies

cszre B
w;_ QEE‘WCR’;.O Es\v‘%;

fktPassivation Layer <Biotin pdNeutravidin \f’Capture antibodies © {)©Antigens

-EFF[- Garcia-Cordero and Maerkl, LOC 2013.

® 1,024 samples on 10 cmz2
® Multiplexed - 4 biomarkers per sample
® 4,096 assays per device

® Sensitivity - 100’s fM from nL-volume samples
(zmol)

® Matrix insensitive - human serum, cell culture
media, buffers, etc.

® Total cost of reagents per assay = € 0.0001

® Total cost per chip (reagents) = € 0.1

Garcia-Cordero and Maerkl, Integrative Biology 2013.



igh-throughput SARS-CoV-2 Serology

A  Microfluidic chip 1024 unitcells N
—1mm . . single unit cell
. TF
¥*— -
*—| * 3 |
¥ 2 i
¥ ¥ i
o [z = 100 pm
o
I { flow layer
L — control layer

B Experimental overview

spot patient samples —» surface patterning and immunoassay

biotinylated His-tagged PE-labeled
anti-His mouse 1gG spike anti-human IgG

n e 4= - - i J -

biotin-BSA neutrAvidin biotin-BSA

epoxy-coated glass slide
l align and bond
microfluidic chip

C D . - E x10"
A anti-human IgG-PE [Anti-spike IgG] in serum ~ ++++
L
N\ N x 4.
o N\ N\ o
o N N n + ++
SARS-CoV-2 spike 2 0.5+ .
\W/ biotinylated 2 s
anti-His mouse 1gG < 0 e e e

- 0 0 1 2
neutrAvidin : 10 10 10
biotin-BSA Anti-human lgG-PE [Anti-spike IgG] (nM)

.(I)fl- Swank et al., PNAS 2021.



High-throughput SARS-CoV-2 Serology
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.(I)fl- Swank et al., PNAS 2021.



High-throughput SARS-CoV-2 Serology

Sampl? —> Shipping > Processing = Extraction
collection I

J M Spotting plate

(10 uL)

HemaXis™ DB 10 Neoteryx Mitra®
(10 pL)

O Nano-immunoassay

Glucose strip
(0,6 pL)

.(I)fl. Swank et al., PNAS 2021.
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How long can we go?

100 M 60000
10 fM 6000
1 fM 600

100 aM 60
10 aM o
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Single Molecule Detection with Digital ELISA

a Formation of single C
; immunocomplaxes |
on beads

2. b4

3.“

Thousands of N ~ % 1. Enzyme substrate
,J y individual beads : 2. Seal silicons gasket
- | *  |naded into walls 3. Fluorescence imaging
-

<
>

N

L
D g o sl = g J Magnetic Capture gly Detection = Antigen .ﬁEtraptavi:lin-ﬂ-
<30} e o3 - baads antibody antinody with nalactosidase
a3 N e | 2 hiotin tag
= A - 2
B | -t 'zl shl & Rissin et al, Nature Biotechnology 2010.
g 285 P e _Il.ﬂ:q:'h"llllﬂr-l.?.l'_'_lq I-E 40
E |, L am Rl T 5
Al : LOD: 0.4 fM for PSA | 100ulL
EEE ; : QEFI}""'IEI_ < = " " Or In Serum ( u )
i L ,.I-" .-.-" 3 .-'.- '-l".._‘- ;;'-"-""""",""'.."..'..-".I-"'r'- {
20 300 400 s0 "o 1 g
Time (s) Concentration increase (1077 M)

.(I)fl. Rondelez et al, Nature Biotechnology 2005.
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Next Generation Diagnostic Device

) . analog MITOMI

S

L
b=

LN

Analog/Digital Hybrid Device
O Active Mixing of Unit Cells

1
. e e ® e
R B W o W

Piraino et al., ACS Nano 2016.
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On-chip Mixing for Faster Assay Speed

‘] - . n
Conventional S-shape delay %ﬁ % %
peristaltic pump peristaltic pump 3 J L .

Fluorescent intensity (a.u.)

| . | E | : | g | £ | : | . 1 i 1 . I g |

O 20 40 60 80 100 120 140 160 180 200

(s time (s

Inlet 1 Inlet 2 Inlet 3 Inlet



Analog versus Digital Detection

Digital

0008
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Increased Dynamic Range

digital/single molecule analog
regime | regime

Fluorescent intensity (a.u.)

Concentration (M)
(P



INngle Molecule Detection

£

o’» fluorescein AN
’s fluorescein di-B-D-galactopyranoside (FDG) !

¥ Biotin labeled B-galactosidase

Biotin

W Passivation Layer

0000000000000 0000000000CQO0OO




3-galactosidase In Solution

B . [BG] =0 pM 6, [BG] = 0.05 pM - [BG] = 0.5 pM
. , vy ' ' s fluorescein
- 40 - - 40 - - 40 - 2 ; o'e fluorescein di-B-D-galactopyranoside (FDG)
o : - : e | . v B- galactosidase
9 30 2 301 2 30- - i Neutravidin
S * = - S5 | .
g 20" g 20_ . g 20_' . - Biotin-BSA
10 - 10 10 6
o 0. ol . Z107
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000 0O 400 800 1200 1600 2000 M.
Observed rate (s') Observed rate (s) Observed rate (s) g ?
> 5 =
= 10
m /
G]=5pM G]=25pM
50 PGI=5PM 50 - Lo o -
40 - ; : !
9 0{ o 40- ......... 9 o 10 K
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S 20 . S 20 2 o 3
o~ o o o 10°- *
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Digital/Analog ELISA

o, fluorescein

oo fluorescein di-B-galactopyranoside

/)( Goat Anti-Mouse IgG B-Galactosidase Conjugate

J_ Mouse IgG1 Penta-His Alexa Fluor 555 Conjugate
o

\\(’ Biotinylated Goat IgG polyclonal to GFP
M Neutravidin
Biotin-BSA
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On-chip digital/analog ELISA

B buffer C human serum
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(P

Digital Ebola Assay

Fluorescein

Fluorescein di-3-D-galactopyranoside

Goat anti-rabbit IgG (B-Galactosidase conjugate)
Rabbit anti-Ebola virus GP

Recombinant His-tagged Ebola virus GP

Mouse anti-Penta-His (Biotinylated)

Neutravidin

BSA (Biotinylated)

E‘E‘E‘E O Bovine Serum Albumin
@ Bundibugyo Ebola virus GP

@ Reston Ebola virus GP
. Zaire Ebola virus GP

E_E_E_E @ Goat anti - rabbit IgG (B-Galactosidase conjugate)
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jgital Ebola Assay
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Portable, Low-Cost Diagnostic System
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Fleld-pased Epola Detection

whole blood

A

analog MITOMI

(P

analog amp

o Fluorescein
*s Fluorescein di-p-D-galactopyranoside

Goat Anti-rabbit |gG (PE)
T Goat anti-rabbit 1gG (B-Galactosidase)
Ji Rabbit anti-Ebola virus GP
O
(" Mouse anti-Penta-His (Biotinylated)
m Neutravidin
« BSA (Biotinylated)
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Direct and Amplification Based Detection
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