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B Microfluidic Biochips

Continuous-flow biochips Droplet-based biochips

, Mixed Droplet
Photodiode
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B Outline

 Motivation & relation to MPSoC

 Digital Microfluidic Biochips
— Technology and architectures
— Module-based synthesis
— Routing-based synthesis

* Flow-Based Microfluidic Biochips
— Biochip synthesis
— Possibilities and challenges

I DTU Informatics
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B Motivation

e Biotech
— DNA analysis

* Medicine
— Clinical diagnosis
— Therapeutics

* Ecology
— Monitoring the quality of air/water/food

* Pharmacy
— Screening
— Synthesis of new drugs

DTU Informatics
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B Motivation

[] Automation
| 'Test tubes O Integration
AV

[1 Miniaturization

S! Automation
M Integration

[1 Miniaturization

E/ Automation

Microfluidics E/ Integration
Miniaturization
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B Microfluidic Biochips

« Advantages:

= High throughput (reduced sample / reagent
consumption)

= Space (miniaturization)
= Time (parallelism)
« Automation (minimal human intervention}

I DTU Informatics
Dep
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B Microfluidic biochip?

* Manipulations of continuous liquid through
fabricated micro-channels

Switches Waste channels

Inlets Chamber Outlets




B Biochip design

Microfluidic Biochip System on Chip

Protocol description High-level language

Specification language C/Java

\ 7 compiler NV

Fluidic instruction Instruction set
set architecture architecture

Biochip, ... Processor, ...

AT hssemblyl A

mixer, valve, pump, ALU, register, FSM,
channel, ...

Programming

Components
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B Digital microfluidic biochip

SAMPLE}
A e R
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B Digital microfluidic biochip

ground electrode

top plate 1

filer fluid ' insulator [

bo plate

control electrode

Speed: 12-25 cm/s
Size of electrode: 0.15 cm
Cell-to-cell transport: ~0.01 s



B Biochip architecture?

» Application specific architecture
— Spatial and temporal assignment done at
design-time
» General purpose architecture
— Spatial assignment done at design-time
— Temporal assignment done at run-time
» Reconfigurable architecture

— Spatial and temporal assignment done at run-
time

<Y
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* Biochip for malaria
detection

* Operation:

e Infected cell
Isolation

e Cell Lysis
e DNA extraction

 DNA amplification
using PCR

e Optical detection
using SPR



General purpose biochip
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B Reconfigurable biochip

input port

output port Photodiode
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B Biochemical operations

* Transport
* Merging
* Mixing

« Splitting
 Diluting

» Detection

DTU Informatics
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B Biochemical application

" n \ .
application_Grourcs. . library £
1/ - 4 s 5
modul Operatio Area Time
e n (cells) (sec)
M1 Mixing 2x4 3
M2 Mixing 2x2 4
D1 Dilution 2x4 4
D2 Dilution 2Xx2 3

array C
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Mapping biochemical applications onto
microfluidic biochips

* Allocation A

— Determine modules M, from library L
Binding B

— Assign each operation O;to a module M,
Schedule S

— Determine start time s of each operation O,
Placement 7

— Place modules on the m x n array

Synthesis ¥

— Given <G, ¢, £>, find ¥ = <A,B,S,P>which
minimize the schedule length 6,

DTU Informatics '
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B Scheduling
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B Scheduling

t t+4 t+8
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Overlapping modules

Concurrent
biochemical

applications




B Scheduling with placement

t t+4 t+7 t+11 t+15
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B Scheduling with placement

t t+4 t+8 t+11 t+15
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B Scheduling with dynamic placement

=
|

t t+4 t+9 t+15
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P Allocation
Operation | Area(cells) | Time(s)
Mix/DIt 2x4 2.8
Mix/DIt 1x4 4.6
Mix/DIt 2X3 5.6
S Mix/DIt 2X2 9.96
Binding & Scheduling Placement & Routing
0.04 4.68 10.50 R,
Mixer, 08 % B
Mixers 07 s
Mixer3 010 7 S,
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B Module-Based Synthesis
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B Module-Based Synthesis

O7 1x4
O8 1x4
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B Module-Based Synthesis
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B Module-Based Synthesis

09 2x4
010 1x4
R,
e ; t+0.04 t+4.68
U // // \\\ \s B Allocation
\ Mixer, 08
S, // Mixers 07
7/ N S, Mixer,
N Diluter,
<) Mixer,
% N R,
S, W
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B Module-Based Synthesis

Rz
t+0.04 t+4.68 t+10.50
N\ \\\\x B Allocation
\\ Mixer, 08
S ) Mixers 07
N S, Mixer,
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B Reconfigurability
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B Reconfigurability
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B Reconfigurability
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B Reconfigurability
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B Reconfigurability
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B Reconfigurability

R2

% B

« Disadvantages of modules:
S, = Pessimistic segregation area
7/ S, = Routing performed post-synthesis
4
G R,

S1 W

&
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B Reconfigurability

R2
% B
S,
% 5
% K,
S1 W

=
=
=
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« Disadvantages of modules:
» Pessimistic segregation area
= Routing performed post-synthesis

Eliminate the concept of modules: Routing-based synthesis
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B Routing-Based Synthesis
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[ Ro'o';fing-Based Synthesis

08

09
R

DTU Informatics
Department of Informatics and Mathematical Modelling

.......

--------

N N
.

e et

o

""""""

o
ot
et

=
=
=

W




B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B Routing-Based Synthesis
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B \When will the operations complete?

* For module-based synthesis we

R, know the completion time from
NG the module library.
b l .
!
S ._j * But now there are no modules,
: ‘ S the droplets can move
: anywhere.
R — How can we find out the
g W 1 operation completion times?
1

DTU Informatics .
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B Characterizing operations

 If the droplet does not move:
very slow mixing by diffusion

 If the droplet moves, how

B long does it take to
complete?
* Mixing percentages:
S3 pOI p90, p180 ?
R1

DTU Informatics

Department of Informatics

and Mathematical Modelling



B Characterizing operations

Operation | Area(cells) Time(s)
Mix/DIt 2x4 2.8
Mix/DlIt 1x4 4.6
Mix/Dlt 2x3 5.6
Mix/DlIt 2Xx2 9.96

DTU Informatics

Department of Informatics and Mathematical Modelling

We know how long an operation takes

on modules

Starting from this, can determine the

percentages?



B Decomposing modules

Safe, conservative estimates

Operation | Area(cells) Time(s)
Mix/DIt 2x4 2.8
Mix/DlIt 1x4 4.6
Mix/Dlt 2x3 5.6
Mix/DIt 2Xx2 9.96

DTU Informatics

Department of Informatics and Mathematical Modelling

PP = 0.1%,
p° = 0.29%
g
0 0" 180°
%{;0_',9

p'80 = -0.5%,
and 0.58%

Moving a droplet one cell takes 0.01 s.

<Yl



B Routing-Based Synthesis

R, R, 13.58 times
0, K
@ © B = m— B
@ © —f—
Sz @” @ Sz @

@‘@ )——@ Ss
DIDDDD® R - | R
S, W S, W




B Routing-Based Synthesis

R, R2 10.33 times
2
Bl O b
@ 1
S, @ |B©@©1:©:@ O S, ®
OJ[E)E Q| S,
@ © @ >
polllclieizle @l R,
Waits for 0.03 s S1 W S1 \\Y




B Routing- vs. Module-Based Synthesis

Routing-Based Synthesis Module-Based Synthesis
0.03 220 434 O tH0.04 468 t+10.50

Allocation

07 Mixer, 08

08 Mixers 07
09 Mixer,
012 Diluter,
013 Mixer,

HE

4
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B Problem Formulation

= Input
= Sequencing graph
=« Library of modules
= Area constraint

= Output

« Implementation which minimizes application
execution time
= Allocation of modules from modules library
= Binding of modules to operations in sequencing graph
= Scheduling of operations
« Routes of the droplets

DTU Informatics
Department of Informatics and Mathematical Modelling
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B Proposed Solution
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B Proposed Solution

Mix
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B Proposed Solutlon

.......

Merge

Minimize the time
until the droplets
meet

Mix
Minimize the completion
time for the operation

DTU Informatics .
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure

R2
®
® B
® @
S2
®© S,
Rl

S1 W
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure

R

2

®
® B )
@ @ )
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» For each droplet:

Determine possible moves
Evaluate possible moves
Make a list of best N possible
moves

Perform a randomly chosen
possible move from N
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure

R
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» For each droplet:

Determine possible moves
Evaluate possible moves
Make a list of best N possible
moves

Perform a randomly chosen
possible move from N
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure

R2
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» For each droplet:

Determine possible moves
Evaluate possible moves
Make a list of best N possible
moves

Perform a randomly chosen
possible move from N
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure
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» For each droplet:

Determine possible moves
Evaluate possible moves
Make a list of best N possible
moves

Perform a randomly chosen
possible move from N
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B GRASP-Based Synthesis

« Greedy Randomized Adaptive Search Procedure
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» For each droplet:

Determine possible moves
Evaluate possible moves
Make a list of best N possible
moves

Perform a randomly chosen
possible move from N
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B Experimental Evaluation

= GRASP algorithm implemented in Java

= Improvement brought by Routing-Based
Synthesis (RBS) compared to Module-Based
Synthesis (MBS)
= Two real-life applications
« Ten synthetic bechmarks

I DTU Informatics
Dep
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B Experimental Results

Improvement of RBS vs. MBS in schedule length

Colorimetric protein assay

Average schedule length |
_ — ) N

(&3] o (&3] o o

o o o o o

o

11x11 11x10 10x10

Area (cellsxcells)
mRBS mMBS
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B Conclusions

» Characteristics of digital microfluidic biochips
resembles those of digital circuits

= |tis possible to use techniques and methods from
MPSoC to design and analyze biochips, i.e., a
module-based approach

* Eliminating the concept of “virtual modules’, it is
possible to have a routing-based synthesis approach

* The routing-based synthesis leads to significant
Improvements compared to module-based synthesis

= Can we use similar methods to address the flow-
based biochips?

DTU Informatics '
Department of Informatics and Mathematical Modelling




References:

1. Wajid Hassan Minhass, Paul Pop, Jan Madsen, System-Level Modeling
and Synthesis of Flow-Based Microfluidic Biochips. Proceedings of the

Compilers, Architecture, and Synthesis for Embedded Systems
Conference (CASES’11), 2011

PART 2: FLOW-BASED MICROFLUIDIC BIOCHIPS

BASIC ARCHITECTURE AND
COMPONENTS

DTU Informatics .
Department of Informatics and Mathematical Modelling



B Flow-Based Microfluidic Biochips
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B Flow-Based Biochip Components

Pressure Control Valve

Source z, Layer v,

a

5

Flow
Layer

Fludic Input

Microfluidic valve

DTU Informatics
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B Switch Configurations

Z
1
i Zl
N
i
v, )
v, ) 3
Z3

®
A
A
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B Microfluidic Mixer

v, v Ve
y
N /V Vs / - N\
Input g V, ; | V10 V12/ Waste
~open P
M closed To other
components
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Microfluidic Mixer: Operational Phases

Waste  Input Waste

— m—r X
(1) Ip2 (1) Mix
Input Waste  Input Waste
= open -
(i11) Opl == closed (iv) Op2

Table 1: Mixer: Control Layer Model

Phase [ vy | vo | W3 V4 Vs ve | v7 | vg | vo
1. Ipl O[O0 1 0 0 0 OlO0] 1
2. Ip2 O 110 0 0 0 1 101]O0
3Mix | 1 10| O [Mix | Mix|Mix]|O 110
4.0p1 | 0] 0|1 0 0 0 OO0 1
50p21 0 (110 0 0 0 11010




B Microfluidic Mixer: Conceptual View

(Purnp

Input Waste

L51C
S3T
To other
components
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B Flow-Based Biochip Architecture

In, In, In, In,

X X X X Out,
PRV, v,  Zs In, Detector —0>§>
Z, |12 Vs \ 7 : ur,

2 ) o Ing —0
Z3 ¢ ’s V C

S : In, »  Mixer
Filter| — M “ Z; O=—»— Out,
In, —>0O
.| / Detector O—»—
Z4 % 1 Filter
X X
Out, Out, Out,
Schematic view Functional view
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B Application and Platform Models

Out,
Source S S f
I 1 . 5
ny O——@—— Mixer, Heater,
Mix Mix Mix @ Mix .
“ 4 “4) () Sre— Mixer, bg
Heat @ Mix @ g g
©) ) S; ¢—| Mixer, l9— Filter, o
4) @) InyO—»@— Storage—8 fe Yo—»0 Out,
Filter
(5) @ Table 2: Component Library (£): Flow Layer Model
Execution
Mix Component Phases (P) Time (C)
) @ Mixer Ip1/ Ip2/ Mix/ Op1/ Op2 0.5s
Filter Ip/ Filter/ Op1/ Op2 20s
' Detector Ip/ Detect/ op 5s
Sink Separator Ip1/ Ip2/ Separate/ Op1/ Op2 140s
Heater Ip/ Heat/ Op 20°C/s




B Flow paths in the architecture

Fi1=Un, S1,Mixery),2s

F=Um, 81,52, Mixery),2.5s

F=Unm, 81,52, 83, Mixers),3 s
Fy=Um, S4,853,8, 81, Mixery),3.5s
Fs=Um, S4, 53,87, Mixery),3 s
Fe=Um, S4,S3, Mixers),2.5s
Fr_y=Uny, 81,858,853, 84, Storage-8),3.5 s
F3_=(Iny, Sy, Storage-8),2 s

Fy = (Mixery, S5, Outy), 2 s

Fio = (Mixery, S5, Heatery),2 s

Fi1 = (Mixery, S5, S¢, S7, Filtery),3 s
Fyy_ = (Mixery, S5, S¢, 57, Sg, Storage-8),3.5 s
Fi3 = (Mixery, S5, S¢, 57,58, 510, Outy), 4 s
F14 = (Mixerp, Sg, S5, Out2),2.5 s

Fi5 = (Mixer, Sg, S5, Heater1),2.5 s

Fi6 = (Mixern, Sg, S7, Filter1),2.5 s

Fi7_ = Mixer, Sg, 57, Sg, Storage-8), 3 s

Fig = (Mixer>, S¢, S7, S8, S10, Out1),3.5 s

Fi9 = (Mixers, S7, Se, S5, Outr,3 s

F>o = (Mixers, S7, Se, S5, Heatery),3 s

F>1 = (Mixers, S, Filtery),2 s

Fyy_ = (Mixers, S7, Sg, Storage-8),2.5 s

F>3 = (Mixers, S7, Sg, S10, Outy), 3 s

By = (Storage-8, S4, 53,52, 51, Mixer1),3.5s
F>s_ = (Storage-8, S4, 53,52, Mixery,3 s
Frs_ = (Storage-8, Sy, S3, Mixers),2.5 s

F>7_ = (Storage-8, Sg, S7, 8¢, S5, Heater1),3.5 s
Frg_ = (Storage-8, Sg, S7, Filtery),2.5 s

Fy9_, = (Storage-8, Sg, S19, Outy),2.5 s

F3o_ =(Heatery, Sy, S10, 53, Storage-8), 3 s
F31 = (Heatery, So, S10, Out1),2.5s

F3p_y = (Filtery, So, S10, S8, Storage-8), 3 s

F33 = (Filter1, S9, S10, Outy1),2.5 s

Routing Constraints:

B VEVEVEFVFy
TFIVEVFENVFEVEFN PV F
TFVEVFEVFEVFEVEFVFy

V Fr5V Fog

FIVEVFEBVFEVEVEFVE

V Fr4 V Fo5 V Fog

B VENVFEVFVFVEFVFy

V FsV Fo V Fy7

TF3VEVFsVFVEN Py V Fr

V Frg

TFIVEHVEBVEVFEVFVE

V Fo4 V Fr5 V Fg

F3: F13VFgV 3V gV F3 V3

V F3»

DTU Informatics
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B Flow paths in the architecture

Out,
Q
S : S5
In,0—>e Mixer, ® Heater,
S : 56
2 @— Mixer, ®
S
53— Mixer, S7. Filter, | —e
Sy S S
n,Oo—e Storage—8 ‘e Lo

>0 Out,



B Scheduling

Mixelr1

Mixer2

Mixer3

Heater,

Filter,
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Biochip Design Methodology

Component Library
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B Conclusions

» A system-level modeling and synthesis
approach for flow-based microfluidic
biochips is possible

* The right abstraction allows for using
techniques and methods from MPSoC
design
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B ProCell: Programmable Cell Chip

Optical
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B ProCell: Aims

 Culturing and Manipulation of living cells
with real-time reaction monitoring

« Automatically manipulate cells based on
their observed behavior

* Allows for conditional experiments

» Simulate /n vivo conditions by in vitro
experiments
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B ProCell Prototype
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SIMBAS:
Stand-alone, Self-powered Biochip!

Courtesy: Ivan Dimov http://newscenter.berkeley.edu March 16, 2011
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M SIMBAS Biochip
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Courtesy: Ivan Dimov http://newscenter.berkeley.edu March 16, 2011
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B SIMBAS Biochip : Working principles
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Future?
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