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Aims for today
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1. Get an introduction into the general concept of 
the pharmaceutical drug development process

2. Learn about preclinical model systems

3. Understand the underlying concepts of 
microphysiological systems

4. Get an overview over existing Organ-on-a-chip 
approaches



Drug development pipeline

A. Mosig, J. Nawroth, P. Loskill DZKF (2017)

 Extremely long process: approx. 10 - 12 years

 Extremely inefficient: 10 000 compounds  1 drug

 Extremely expensive: >1 bil. €
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Drug development

Company
Number of new

drugs
10 year R&D 

expanses (bil. $)
R&D costs per drug

(bil. $)

Abbott 1 13,183 13,183

Sanofi 6 60,760 10,128

AstraZeneca 4 38,245 9,561

Hoffmann-La 

Roche
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
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Drug development

 „EROOM‘s law“ – Continuous decline in productivity over the last decades

Number of new Medical entities (NME) per bil. $ R&D expenses (corrected for inflation)
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Transition from preclinical into clinical phases

A. Mosig, J. Nawroth, P. Loskill DZKF (2017)

 Extremely important transition, yet inefficient and problematic

 Slight increase in predictability  > 200 Mio $ cost saving per drug

DiMasi, J. A. Pharmacoeconomics (2002) 8



Preclinical research
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Cell assays Animal models

➥ What are the advantages and
limitations of those models

Your task: 
1. Brainstorm for 5 minutes
2. Discuss your ideas with your neighbor(s) 

for 5 minutes

"Education is what survives 
when what you have learned 

is forgotten" (B.F. Skinner)



Preclinical research
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"Education is what survives 
when what you have learned 

is forgotten" (B.F. Skinner)



Preclinical research
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 No perfusion 

 No mechanical forces

 Cell to media ratio too low

 2D (mono-)cultures of (cancer) 

cells on hard plastic

 Different physiology

 Different immune system

 Specific environment & diet

 Strain-specific results due to 

(in)breeding

 Human genetic background

 Standardized & automated

 Cost efficient

 Complex tissue architecture

 Circulation

 Systemic effects

Cell assays Animal models



Animal models
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Animal models

William Russel & Rex Burch (1959) „The Principles of Humane Experimental Technique”
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Animal models

Säugetiere Tierzahlen

Rodents 2.396.475

Rabbits 111.718

Carnivores 6.526

Equines (Horses…) 1.525

Even-toed ungulates 20.643

Primates 3.141

Further mammals 1.590

Total 2.541.618

Source: BMEL 2017
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Animal models - Rodent models

Similiarities

 95% of genes are identical to humans

 Similar organ structure

Advantages

 Fast breeding

 Small: Advantageous in terms of housing and facility size

Disadvantages

 Specific environment and diet

 Different immune system / strategies to fight infections and injuries

 Different physiology (heart rate 500 – 700 bpm)

 Strain-specific results due to breeding
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Animal models - Rodent models

≄
“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“.
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PNAS 2013

PNAS 2014

„It is generally well known and accepted among researchers using animal 
models that mouse models mimic only partial aspects of human disorders.“

Animal models - Rodent models

≄
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Animal models - Rodent models

≄
Couzin-Frankel Science (2013)

NEWSFOCUS

When Mice Mislead

 1 worked

“… wasn‘t tested because of animal
data at all, but because it had already
benefitted patients with heart
attacks.”

New stroke therapies:

 603 drugs tested in animals

 374 showed positive healing
effects

 97 were tested in humans

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

—ULRICH DIRNAGL, CHARITÉ UNIVERSITY MEDICINE BERLIN
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Preclinical research
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Biology on plastic

 Petri dishes, Cell culture flasks, 
Multiwell plates

Advantages

 Standardisable, Automatable, simple handling & logistics, cheap

Disadvantages

 Monolayers of (cancer)cells on hard plastic

 Typically mono cultures

 Wrong biomechanical environment

 Missing cell-cell / cell-matrix-interactions 

 Lack of perfusion

 Cell / media ratio magnitudes too low

20

Conventional cell culture
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Conventional cell culture
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Biology on plastic

 Petri dishes, Cell culture flasks, 
Multiwell plates

Advantages

 Standardisable, Automatable, simple handling & logistics, cheap

Disadvantages

 Monolayers of (cancer)cells on hard plastic

 Typically mono cultures

 Wrong biomechanical environment

 Missing cell-cell / cell-matrix-interactions 

 Lack of perfusion

 Cell / media ratio magnitudes too low

22

Conventional cell culture

“Biologists have 

constructed an entire, 

self-consistent biology 

using monolayer 

monocultures on plastic.”

—JOHN WIKSWO, VANDERBILT 
UNIVERSITY, NASHVILLE, USA



Preclinical research
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 Human genetic background

 Standardized & automated

 Cost efficient

 Complex tissue architecture

 Circulation

 Systemic effects

Cell assays Animal models

Organ-on-a-Chip Systems

 Human engineered tissues

 In vivo structure & function

 Microphysiological environment



Organ-on-a-Chip

Wikswo, TEDx, Nashville, 2013
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“a fit-for-purpose microfluidic device, containing living engineered organ substructures in a 
controlled microenvironment, that recapitulates one or more aspects of the organ’s dynamics, 
functionality and (patho)physiological response in vivo under real-time monitoring”

As defined by EU-FET Open ORCHID



Organ-on-a-Chip
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 Human tissue

 In vivo structure & function

 Physiological microenvironment

 Microfluidic perfusion

The human body …

as a cell (primary, iPS) 
source …

…as a 
structural

blueprint and   

… yields microphysiological
Organ-on-a-chip systems

… together with a tailored 
microfluidic platform …

A. Mathur, P. Loskill et al., Stem Cell Res & Ther (2013)



Induced pluripotent stem cells

 Nobel prize 2012: Shinya Yamanaka, Gladstone Institutes

 Enable patient and disease-specific engineered tissues

Reprogramming through delivery of 
OCT4, SOX2, NANOG and LIN28
transgenes (via retroviruses for instance)

Induced pluripotent stem cells can 
then differentiate into all three 
germ layers / all cell types

R. Passier et al., Nature 453, 322-329 (2008)

Adult human cells (e.g. 
fibroblasts, keratinocytes) 
are isolated

S. Yamanaka, Cell 137, 13 (2009)
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Organ-on-a-Chip

27

 Human tissue

 In vivo structure & function

 Physiological microenvironment

 Microfluidic perfusion

The human body …

as a cell (primary, iPS) 
source …

…as a 
structural

blueprint and   

… yields microphysiological
Organ-on-a-chip systems

… together with a tailored 
microfluidic platform …

A. Mathur, P. Loskill et al., Stem Cell Res & Ther (2013)



Environment-control-chip. 

Source: Fraunhofer IWS

Organ-on-a-Chip – Diversity in organs, diversity in chips

Multi-organ-chip. Source: 

TissUse GmbH

Liver-on-a-chip. Source: 

Jena University Hospital

Blood-brain barrier chip. 

Source: Vanderbildt UniversityRetina-on-a-chip. Source: Uni Tübingen
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Blood-brain barrier

Lung

Liver

Gut

Bone

Heart-on-a-chip. Source: 

Fraunhofer IGB

Lung-on-a-chip. Source: Wyss 

Institute at Harvard University
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Organ-on-a-Chip – Emulating organotypic functions

A. Mosig, J. Nawroth, P. Loskill, Deutsche Zeitschrift für klinische Forschung (2017)
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Lung-on-a-Chip

Science (2010)

Major characteristics of lung 
tissue

 Breathing motion: Mechanical 
stimulation

 Air-Blood interface

 Immune competence
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Lung-on-a-Chip

Science (2010)

Ingber Lab, Wyss Institute at 
Harvard, USA

 Flexible membranes with 
epithelial cells on one and 
endothelial cells on the 
other side
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Lung-on-a-Chip

Science (2010)

Ingber Lab, Wyss Institute at 
Harvard, USA

 Flexible membranes with 
epithelial cells on one and 
endothelial cells on the 
other side

 Recapitulation of 
breathing motion
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Lung-on-a-Chip

Science (2010)
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Lung-on-a-Chip

Science (2010)

Ingber Lab, Wyss Institute at 
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Lung-on-a-Chip

Science (2010)
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Ingber Lab, Wyss Institute at 
Harvard, USA

 Flexible membranes with 
epithelial cells on one and 
endothelial cells on the 
other side

 Recapitulation of 
breathing motion

 Recapitulation of an 
immune respone



Lung-on-a-Chip

Science (2010)
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Ingber Lab, Wyss Institute at 
Harvard, USA

 Flexible membranes with 
epithelial cells on one and 
endothelial cells on the 
other side

 Recapitulation of 
breathing motion

 Recapitulation of an 
immune respone



Liver-on-a-Chip

Major characteristics of 
hepatic (liver) tissue

 Multilayer structure

 Integration of non-
parenchymal cell types

 Long-term maintenance of 
metabolic and clearance 
capacity 

Stenvall et al. 

Physics in Medicine and Biology. (2014)
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Liver-on-a-Chip

Mosig Lab, Universität Jena

 Two channel platform with 
endothelial side (upper) and 
hepatic side (lower)

Stenvall et al. 

Physics in Medicine and Biology. (2014)
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Liver-on-a-Chip

Mosig Lab, Universität Jena

 Two channel platform with 
endothelial side (upper) and 
hepatic side (lower)

Rennert et al. Biomaterials (2015)
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Liver-on-a-Chip

Mosig Lab, Universität Jena

 Two channel platform with 
endothelial side (upper) and 
hepatic side (lower)

 Immune response

 Inflammation

• lose of central metabolic 
functions

• sustained inflammation
• cellular dysfunction / cell 

death

 Regeneration

• Reconstitution of 
organotypic functionality

• immune tolerance
• prevention of cell death

classical

macrophage

activation

M2 alternative

macrophage

activation

bacterial

endotoxins macrophages

41

monocytes



Heart-on-a-Chip

Major characteristics of cardiac 
(heart) tissue

 3D fiber structure

 Spontaneous contraction

 coordinated stimulus
transmission

150 µm

Kardiomyozyten

Kanzaki et al., Circulation (2010)

A. Mathur, P. Loskill, et al. Sci. Rep. (2015)
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Heart-on-a-Chip

150 µm

150 µm

Kardiomyozyten

Kanzaki et al., Circulation (2010)

Healy Lab, UC Berkeley, USA

Loskill Lab, Universität Tübingen

 Central tissue chamber and 
adjacent vasculature-like media 
channels connected via micropores

 Separation of transport processes 
(diffusive vs convective)

A. Mathur, P. Loskill, et al. Sci. Rep. (2015)
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Heart-on-a-Chip

150 µm

Healy Lab, UC Berkeley, USA

Loskill Lab, Universität Tübingen

 Central tissue chamber and 
adjacent vasculature-like media 
channels connected via micropores

 Separation of transport processes 
(diffusive vs convective)

 Aligned human iPS-Cardiomyocytes

A. Mathur, P. Loskill, et al. Sci. Rep. (2015)
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Heart-on-a-Chip

Healy Lab, UC Berkeley, USA

Loskill Lab, Universität Tübingen

 Central tissue chamber and 
adjacent vasculature-like media 
channels connected via micropores

 Separation of transport processes 
(diffusive vs convective)

 Aligned human iPS-Cardiomyocytes

 Physiological effect of exposure to 
drug compounds: Increase in 
contraction force and beating rate

A. Mathur, P. Loskill, et al. Sci. Rep. (2015)
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New opportunities provided by Organ-on-a-Chip

 Organ-on-a-Chip as enabling technology for the transition of compounds from the 
preclinical phase into the clinical phases.

 Increase in predictivity Safer, faster and more economical drug development
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New opportunities provided by Organ-on-a-Chip

➥ More than just a drug screening tool
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Jun.-Prof. Dr. Peter Loskill, 

peter.loskill@uni-tuebingen.de / peter.loskill@igb.fraunhofer.de

Thank you for your 

attention!
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