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= Microfabrication techniques

= Organ-on-a-chip technology
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= Primary microfabrication
» Lithographic techniques

» with etching and deposition of materials (wet etching, dry
etching, CVD, PECVD, sputtering etc.)

» Mechanical machining (milling, drilling etc.)

» Laser ablation
3

= Replication technologies:
Subsequent “mass production” from microstructures master tools

» Hot embossing
» Injection molding
» Casting techniques

= Materials: Silicon, plastics, glass, ceramics, metals, etc.
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= Photolithography

Si wafer » sub-nm roughness
» extremely clean
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= Photolithography

Si wafer

resist dispenser

photoresist

1 excess resist flies
, PhOtoreSISt off during rottatlion -
4/ coating

wafer to be coated
vacuum chuck

» Spin coating |,
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= Photolithography

Si wafer

- Photoresist
\‘/ coating

UV exposure

~ |
Photoresist A
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= Photolithography

Siwafer » Positive resist

; Photoresist

N coating » Negative resist Exposed parts

of photoresist
UV exposure

~ |
Photoresist }

v A7
f/DéveIoping

AN

Mask
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= Photolithography

Photoresist

Si wafer structure
i Photoresist A\ Curing
A4 coating | Exposed parts
of photoresist
UV exposure

v A7
’/Déveloping
\

Mask

~ |
Photoresist )




Microfabrication

= Secondary processing

Photoresist structures

- Silicon wafer

-
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Photoresist
structure
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= Secondary processing
Photoresist

Photoresist structures structure
» Two step lithography » Deposition » Etching (Wet, dry)

Coating (Metall, polymer,...)

Silicon wafer

il

Silicon wafer

icon waf ﬂ

Silicon wafer

Photoresist structures

icon waf
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= Replica molding

» Molding of polydimethylsiloxan
(PDMS) against microfabricated
master

A -=> Peel off

PDMS

_I_I_I_I_|_|_

PDMS

Photoresist structures
Silicon wafer
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= Replica molding

» Molding of polydimethylsiloxan
(PDMS) against microfabricated
master

» Fast and cheap process
» Reusable Master

13



7
. . . ~ Fraunhofer
Microfabrication e e

TUBINGEN

= PDMS Bonding

PDMS

—_— Plasma M

ey treatment —5 %75 7°
— 0

Glass

r —o0 —92

H
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= Replica molding

» Molding of polydimethylsiloxan
(PDMS) against microfabricated
master

» Fast and cheap process
» Reusable Master

15
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... implement operations that used to require an entire lab in a single micro-
sized device:

» Chemical synthesis
» Cell analysis & sorting
» Diagnostic tools (Point-of-care)

» Organs-on-a-chip

16
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= (Organ-on-a-chip technology
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EROOM’s law

NMEs per $B R&D spent (inflation adjusted)

100 -
FDA tightens regulation
post thalidomide
AN
N

FDA clears backlog following

10 - PDUFA regulations and
perhaps relaxes on HIV drugs

T R WS
Structure of Restriction DNA Dolly the
DNA enzymes sequencing Sheep
Recombinant Human Human
0.1 Drug discovery (2012)
1950 1960 1970 1980 1990 2000 2010
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The cost of creating a new drug ~ $5 Billion

Comban Number New 10 Year R&D R&D Per Drug
pany Drugs Spending (SMil) (SMil)

Abbott 1 13.183 13.183
Sanofi 6 60.760 10.128
AstraZeneca 4 38.245 0.561

E'gfh”e‘a””'La 8 70.928 8.866
Pfizer 10 77.786 7.779
Wyeth 3 22.702 7.567
Eil Lily 4 26.710 6.678
Bayer 5 33.118 6.624
Schering-Plough 3 18.845 6.282
Novartis 10 60.727 6.073

Herper, M., Forbes, 8/11/13 50
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Drug Clinical FDA
Disco /ery Trials Review

A \/

Market

\/

1or2 1 or?2

3-6 Years 6-7 Years 0.5-2 Years

Extremely
important but
inefficient and
ineffective

21
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Candidate Identification
Candidate Creation

w Relies on animal models

» fail toresemble human
physiology

» impossible to create humanized
disease systems

» ethical concerns

A. Mathur, P. Loskill, et al., Stem Cell Res & Ther (2013) 22
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Use of animal models in Germany

3.500.000

3.000.000

2.500.000

2.000.000

1.500.000

Number of animals

1.000.000

500.000

O
2000 2002 2004 2006 2008 2010 2012 2014

Year Source: BMEL 2017

23



= Fraunofer

Preclinical research e igs

TUBINGEN 2
s

3R principle

Tierversuche

KL
K
K

<
<

Refine

Die Belastung der
Versuchstiere, z.B.
durch Schmerzen,
minimieren.

Reduce

So viele Versuche bzw.
Versuchstiere wie notig,
aber so wenig
wie moglich

Replace

Einen Tierversuch
durch eine andere
Methode ersetzen.

Quelle: Deutsches Zentrum zum Schutz von Versuchstieren (Bf3R), 2015
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Types of animal models

Reptiles
7,23 % Birds
Amphibians 1,59 % Rodents 2.396.475

0,38 % Rabbits 111.718
Carnivores 6.526

Equines (Horses...) 1.525

Even-toed ungulates 20.643

Primates 3.141

I\gglr;\;n;:s Further mammals 1.590

Total 2.541.618

Source: BMEL 2017
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Rodent models

» 95% of genes identical to human
» Similar organ structure

Disadvantages
Advantages > Specific environment and diet

> Strain-specific results due to

> Small: Advantageous in terms _
breeding

of housing and facility size
> Compared to human:
> Different physiology (heart rate
500-700 bpm)
3 Large differences in immune
system

> Fast breeding

26
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Rodent modaels

Che New York Eimes

SCIENCE

Mice Fall Short as Test Subjects for
Some of Humans’ Deadly Ills

By GINA KOLATA FEB. 11, 2013

“But now, researchers report evidence that the mouse model has been

totally misleading for at least three major killers—sepsis, burns, and trauma.
As a result, years and billions of dollars have been wasted following false

leads, they say”.

27
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Rodent modaels

PNAS 2013
Genomic responses in mouse models poorly mimic
human inflammatory diseases

Junhee Seok®’, H. Shaw Warren®', Alex G. Cuenca®’, Michael N. Mindrinos®, Henry V. Baker", Weihong Xu?,

Daniel R. Richards®, Grace P. McDonald-Smith®, Hong Gao®, Laura Hennessy', Celeste C. Finnerty9, Cecilia M. Lopez®,
Shari Honari’, Emest E. Moore", Joseph P. Minei', Joseph Cuschieril, Paul E. Bankey*, Jeffrey L. Johnson", Jason Sperry',
Avery B. Nathens™, Timothy R. Billiar', Michael A. West", Marc G. Jeschke®, Matthew B. Klein!, Richard L. Gamelli®,
Nicole S. Gibran!, Bernard H. Brownstein?, Carol Miller-Graziano¥, Steve E. Calvano', Philip H. Mason®, J. Perren Cobb®,
Laurence G. Rahmet, Stephen F. Lowry™?, Ronald V. Maier), Lyle L. Moldawer<, David N. Herndon9, Ronald W. Davis*?,
Wenzhong Xiao®>*3, Ronald G. Tompkins*3, and the Inflammation and Host Response to Injury, Large Scale Collaborative
Research Program®

PNAS 2014
L] - L] L}
Genomic responses in mouse models greatly mimic
- -
human inflammatory diseases
Keizo Takao®® and Tsuyoshi Miyakawa®" <"
3Section of Behavior Patterns, Center for Genetic Analysis of Behavior, National Institute for Physiological Sciences, Okazaki, Aichi 444-8585, Japan;
PCore Research for Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan; and “Division of Systems
Medical Science, Institute for Comprehensive Medical Science, Fujita Health University, Toyoake, Aichi 470-1192, Japan
Edited by Ruslan Medzhitov, Yale University School of Medicine, New Haven, CT, and approved June 11, 2014 (received for review January 31, 2014)
«It is generally well known and accepted among researchers using

NAS I DN AN

animal models that mouse models mimic only partial aspects of
human disorders.”
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Couzin-Frankel Science (2013) &)

Rodent modaels

'¥,
s

e
.

© psdesign1 - Fotolia When Mice MiSIGad
New stroke therapies
= 603 drugs tested in animals = 1 worked
g - “...wasn't tested because of
> 374 showed p05|t|ve healmg animal data at all, but because it
effects had already benefitted patients

» 97 tried in humans with heart attacks.”

“The way we do our research with our animals
is stone-age.”

—ULRICH DIRNAGL, CHARITE UNIVERSITY MEDICINE BERLIN 29
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Conventional cell culture

SN

“Biologists have constructed an entire, self-consistent biology
using monolayer monocultures on plastic”

(John Wikswo, Professor of Biomedical Engineering, Molecular Physiology & Biophysics, and
Physics at Vanderbilt University)

Advantages Disadvantages

> Simple handling & logistics , 2D cell monolayers

> Use of cell lines (unlimited

N b Cell / media ratio magnitudes too low
availability)

Reproducible & »  Typically mono-cultures
b

standardisable 3 No perfusion
»  Cheap > No mechanical forces
»  Various ways of analysis »  On (hard) plastic surfaces

30
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Conventional cell culture

w Tissue slices

» Vascularised tissue
» includes all cell types
» embedded in native ECM

Advantages

> Physiological model of
human tissue

10)

Large vaid @miafley 4l Metiie pai (20

heterogeneity -
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Candidate Identification
Candidate Creation

w Relies on animal models

» fail toresemble human
physiology

» impossible to create humanized
disease systems

» ethical concerns

A. Mathur, P. Loskill, et al., Stem Cell Res & Ther (2013) 32
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Classical approach Next generation approach

Marketable Drug

| Clinical Trials |

Animal
Studies

hiPSc-based
microtissues

Candidate Identification
Candidate Creation

Candidate Identification
Candidate Creation

w Relies on animal models

» fail toresemble human = Adds organs—on-a-ch|p

physiology .

_ _ . » resemble human physiology
» impossible to create humanized , , ,

disease systems » patient and disease specific
L ethical concerns » ho ethical concerns

A. Mathur, P. Loskill, et al., Stem Cell Res & Ther (2013) 33
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= How do we define organs-on-a-chip?

®  Human tissue
= Physiological structure & function

®  Microfluidic perfusion

..for physiological
mimicry...

...creates
microphysiological

Using the Organs-on-a-chip.

human body...

...then adding
microfluidic perfusion...

...and as an iPS cell

source...
34



N

~ F h f
Perfused Trans-Well Systems R @
TUBINGEN
Liver Module - Linda Multi-Transwell module - Uwe
Griffith (MIT) Marx (Berlin)

J““] PDMS5
s ’:' Polycarbonate
(ll ﬂ“ f ll ﬁ Transwell-holder

;‘ (¥ - .' : g \ ] ]
ﬁ%’ﬂi’f : (mms) . Transwell

Dlsadvantages

> Large perfusion volumes

Advantages

> Difficult to perform in situ imaging

Commercially established .
} J b Organs not sustained off platform

> Multi-organ-versions :
J > Tethered to pneumatic controller
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The next step:
Microphysiological Systems (MPS) /

Microfluidic Organs-on-a-chip /

Tissue Chips

= Creating microscopic “minimal functional units” of

organs in a microfluidic environment
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+--. a microfluidic cell culture device created with microchip manufacturing methods
that contains continuously perfused chambers inhabited by living cells arranged to

SImUIate tissue- and Organ'level phySIOIogy' Bhatia SN, Ingber DE. Nature Biotechnology 2014,32:760-772

= Simulate tissue-/organ-level functionality

» Blood-Brain-Barrier

m Barrier Systems

Blood-brain-
barrier Mechanical

Systems

» Lung — Skin
Heart
»
ﬂ \ > Liver \& Gut
Bone
» Gut
Neurons

Bone
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Lung characteristics

= Breathing motion:
Mechanical stimulation
w Air-Blood interface

= Immune competent

N
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Lung on a chip -
Don Ingber (Wyss Institute /
Harvard)

Reconstituting Organ-Level Lung
Functions on a Chip

Dongeun Huh,? Benjamin D. Matthews,?* Akiko Mammoto,> Martin Montoya-Zavala,**

11214*

Hong Yuan Hsin,? Donald E. Ingber Science. 2010
’

A
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Lung on a chip - Don Ingber (Wyss Institute / Harvard)
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Lung on a chip - Don Ingber (Wyss Institute / Harvard)

WYSS {3 INSTITU
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Lung on a chip - Don Ingber (Wyss Institute / Harvard)

= Immune competent

» Injection of white blood cells

P
WYSS § INSTITUTE
7’
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Heart on a chip -
Peter Loskill (Fraunhofer IGB /
UC Berkeley)

DR300 AR AA AR ARAARAAARARRAA AR AARARSAR RS LARRARRRRARRRRR SR
ARy e R g e e b v g
-l s A e ity N AR D20 & - .

Heart characteristics

= Spontaneous beating

. . £
= High mechanical stresses Zvo(— i
= Physiological drug - i
> ]
response 5 _
g | AU |
E 0 4 3 12

Timels] 2 Relaxation
® Contraction
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Heart on a chip - Peter Loskill (Fraunhofer IGB / UC Berkeley)

= Highly aligned Cardiomyocytes
= 3D architecture

©Patrick J. Lynch, C. Carl Jaffe
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hiPSC-CM
cellson-a- =
chip

----

' Ny , y 1

Perlmsial collagen fibers

Media channels aligned with cardiomyocytes

VYV VYV VYV OV
‘ 4}444444444
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p Convective Transport = Mimicking vasculature

= Mimicking shear force protection
of endothelial barrier

Human vasculature

aaaaaaaa
Lume Eryth rocyte

men

Endothelium._ (@ B red blood cell) Pericyt

nternal
00I , J elastlclamina Bgsnse‘mrzz_mf3
muscle
Basement Endothelium

External \v,/‘m emb

elastic Im na—_ Capillaries

Convective
transport

Diffusive transport
POPETO DO wEcHo
Endothelial barrier

Thoroughfare channel

cross-sectional area
arteriole capillaries
*

©Kelvin Song
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p Convective Transport = Mimicking vasculature

= Mimicking shear force protection
of endothelial barrier

Media channels

TOOTTEOO TOOO®
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SO B JONa e YOn @#}#

p—— ] NN —
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Isoprenaline/ oH |,
HO NYCH3
Isoproterenol HO]@/'V L.

- (3 adrenergic agonist
= Used as cardiac stimulator

-
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= [Ime: 30 min

200-_I_I'I'I'ﬂ'll|_l_l'l'l'ﬂ'ﬂ|_l_l'l'l'ﬂ'll|_l_l-l'l'ﬂ'ﬂ|

0.001 0.01 0.1 1 10

Isoproterenol Concentration [uM] i Baseline - No Drug |
EC50: 315 nM

‘mn on *

55 bpm ﬁ 124bpm |

A. Mathur, P. Loskill et al. Sci. Rep. (2015) 48
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Liver on a chip -
Alexander Mosig (Jena
University Hospital)

Liver characteristics \\ '—

= Multi-layer structure
= Metabolism
= Non parenchymal cells T e’ e

vascular layer

membrane

B N X e T @

LB B B RIS B B B B B BN B RE B RE BB B RN

ir- ! hepatic layer ! Fpanc

stellate cells hepatocytes
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Liver on a chip - Alexander Mosig (Jena University Hospital)

HepaRG + LX2

Intercellular signalling
stabilises cell differentiation

vascular layer

human primary
macrophages

membrane

A 5 05 O O O 1 N O -, . ety
o) ‘ o)

HepaRG
hepatocytes

hepatic layer

stellate cells

Rennert et al. Biomaterials (2015)
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Liver on a chip - Alexander Mosig (Jena University Hospital)

HGF VEGF
=0.036
500~ r P 1 801 r t 1
— * —
Y | 1 v '—‘#
E 4007 - £ 60
| | -
g 2
= = 404
£ 200- ~] B 4
c - |~ =  —
8 1 0o- ] 8 20
8 11 8 L
,]UD. I mim YD | | [ 0 ! ~
__. NPCs NPCs _ _ _ NPCs NPCs - .. NPCs NPCs _ _ _ NPCs NPCs
HCs HCs HCs HCs HCs HCs HCs HCs
No flow Shear flow No flow Shear flow
Du et al. Lab Chip (2017)
albumin synthesis :lHCS (S)
1000 -
o - - :lHCs NPC (S)
% 800 - *kk % % % # * % %
= vk HCs NPC (P)
2 coo- r _
a * % K
T  400- it ok o
‘e
S 200+
b= B
0- ™ ™
' w® AV o°
time (h)

Rennert et al. Biomaterials (2015)
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Integration of multiple organs Lab Ond Chip

w capture of metabolite and

v www.rsc.org/loc Volume 9 | Number 22 | 21 November 2009 | Pages 3165-3312

off-target toxicity

= studies on organ-organ
Interactions

4d 4 414

Lung

Pulmonary vein

Pulmonary artery
Aorta

uma hi g:f?:nced DNA hybridization
RSC P u bl IS h I n g gfelz\éias%a:ﬁaifrzti:},ection Eigil?: actuated droplets
Stomach & Zhang, C. et al. Lab Chip 2009

intestines

4d 4 4 €4 52
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Integration of multiple organs  Concepts for multi-organ-chips

w capture of metabolite and ™ Static systems ® Semistatic systems

off-target toxicity
= studies on organ-organ i:

Interactions

4d 4 414

Lung
Pulmonary vein
Pulmonary artery
A

o l. Maschmeyer et al. Lab
J.H. Sung et al. Lab Chip (2015)
Chip (2009)

Stomach &
intestines

4 4 € € <<

53
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Parallel Cell Culture Chambers - Hanry Yu (Singapore)

fat

—(_—
E kidney

liver

—(_: ®

|

Zhang, C. et al. Lab Chip 2009
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Combined Silicon Chip - Michael Shuler (Cornell University)

A) Silicon Chip B) Fluidic Circuits C) Gl tract Module
Nano-
Plexiglass particles Gl Module . Plexiglass
cover Gl Apical Side |- _ with solid

J Giasoint Side Hlinder

Silicon chip
with
HepG2/C3A y g;:sgs Liver F Snapwell with mem-
; & Plasma — Fat K brane and Caco-2/
- HT29-MTX co-culture
Gasket [iKidney | \— Gasket
Bone marrow |‘ | p —A A
Plexiglass | Microfluidic chip with scaled Plexiglass
base organ compartments base

Esch, M. B et al. Lab Chip 2014
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Integration of multiple organs  Concepts for multi-organ-chips

. ] I m O mi . -
- capture of metabolite and Static systems ® Semistatic systems

off-target toxicity i:
= studies on organ-organ

Interactions

4d 4 414

Lung

Pulmonary vein
Pulmonary artery

Aorta

2 l. Maschmeyer et al. Lab
J.H. Sung et al. Lab Chip (2015)
Chip (2009)

Success rate [-]

o
N
/
/
/
, /
/
/
/
onels
/onelsiwes

Stomach & I T~ _
intestines —_

1 2 3 4 5
4 4 4 € < <
Integrated organs (n) 5 6
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Integration of multiple organs  Concepts for multi-organ-chips

. ] I m O mi . -
- capture of metabolite and Static systems ® Semistatic systems

off-target toxicity i:
= studies on organ-organ

Interactions

4d 4 414

Lung

Pulmonary vein
Pulmonary artery

Aorta

2 l. Maschmeyer et al. Lab
J.H. Sung et al. Lab Chip (2015)

Chip (2009) _
® Flexible systems

Stomach &
intestines

4 4 € € << -



Outlook

Nature. July 16, 2015, pp 266-266.

Miniature devices that mimic human organs could help to replace animals used in drug testing.
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» More than just drug screening tools!
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