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Microfabrication techniques
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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 
‣ …

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

‣ Hot embossing 
‣ Injection molding 
‣ Casting techniques

➥ Materials: Silicon, plastics, glass, ceramics, metals, etc.



Microfabrication
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➥ Photolithography

Si wafer ‣ sub-nm roughness 
‣ extremely clean



SU-8 3000 
Permanent Epoxy 
Negative Photoresist

SU-8 3000 is a high contrast, epoxy based photoresist designed for 
micromachining and other microelectronic applications, where a thick, 
chemically and thermally stable image is desired.  SU-8 3000 is an 
improved formulation of SU-8 and SU-8 2000, which has been widely 
used  by  MEMS  producers  for  many  years. SU-8 3000 has 
been formulated for improved adhesion and reduced coating stress. 
The viscosity range of SU-8 3000 allows for film thicknesses of 4 to 
120 µm in a single coat.  SU-8 3000 has excellent imaging 
characteristics and is capable of producing very high, over 5:1 aspect 
ratio structures.  SU-8 3000 has very high optical transmission above 
360 nm, which makes it ideally suited for imaging near vertical 
sidewalls in very thick films.  SU-8 3000 is best suited for permanent 
applications where it is imaged, cured and left on the device.

Processing Guidelines
SU-8 3000 is most commonly exposed with conventional UV (350-400 
nm) radiation, although i-line (365 nm) is recommended.  It may also 
be exposed with e-beam or x-ray radiation.  Upon exposure, cross-
linking proceeds in two steps (1) formation of a strong acid during the 
exposure step, followed by (2) acid-catalyzed, thermally driven epoxy 
cross-linking during the post exposure bake (PEB) step.  A normal 
process is:  spin coat, soft bake, expose, PEB, followed by develop.  

Substrate Preparation
To obtain maximum process reliability, substrates should be clean 
and dry prior to applying SU-8 3000 resist. For best results, 
substrates should be cleaned with a piranha wet etch (using H2SO4 & 
H2O2) followed by a de-ionized water rinse.  Substrates may also be 
cleaned using reactive ion etching (RIE) or any barrel asher supplied 
with O2.  Adhesion promoters are typically not required. For 
applications that require electroplating it is recommended to pre-treat 
the substrate with MCC Primer 80/20 (HMDS).  

Features
•Improved adhesion

•Reduced coating stress

•High aspect ratio imaging

•Vertical sidewalls

•Greater than 100 µm film thickness in a single coat 

•Excellent dry etch resistance

Applications

Contact aligner exposure
10 um features, 50 um SU-8 3000 coating

www.microchem.com

Coat
SU-8 3000 resists are available in five standard viscosities, shown in 
Table 1.  Figure 1 provides the information required to select the 
appropriate SU-8 3000 resist and spin conditions, to achieve the 
desired film thickness.

Recommended Program
(1) Dispense 1ml of resist for each inch(25mm) of substrate diameter
(2) Spin at 500 rpm for 5-10 sec with acceleration of 100 rpm/second
(3) Spin at 3000 rpm for 30 sec with acceleration of 300 rpm/second

http://www.kayakumicrochem.jp/

Figure 1. Spin speed vs. Thickness 
for SU-8 3000 resists (21oC US & EU)
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➥ Photolithography

Photoresist 
coating

Photoresist

R. B. Darling / EE-527

Photoresist Spin Coating

vacuum chuck

resist dispenser

wafer to be coated

excess resist flies 
off during rotation

time

speed

slow
coat

level out

spin
down

photoresist

‣ Spin coating

Si wafer
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➥ Photolithography

UV exposure

Mask

Photoresist 
coating

Photoresist

Si wafer



Microfabrication

!8

➥ Photolithography

Developing

Exposed parts 
of photoresist

‣ Positive resist

‣ Negative resist

UV exposure

Mask

Photoresist 
coating

Photoresist

Si wafer
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➥ Photolithography

Curing

Photoresist 
structure

Developing

Exposed parts 
of photoresist

UV exposure

Mask

Photoresist 
coating

Photoresist

Si wafer
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➥ Secondary processing
Photoresist 
structure

Silicon wafer

Photoresist structures
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➥ Secondary processing
Photoresist 
structure

Silicon wafer

Photoresist structures

Silicon wafer

Photoresist structures

Silicon wafer

2nd photoresist layer

Photolithography

‣ Two step lithography

Coating (Metall, polymer,…)

Silicon wafer

Silicon wafer

Silicon wafer

Lift off

‣ Deposition

Silicon wafer

Etching solution

Silicon wafer

Silicon wafer

Lift off

‣ Etching (Wet, dry)
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➥ Replica molding

PDMS pouring Convection oven

PDMS

Photoresist structures
Silicon wafer

Curing

Cooling
Peel off

PDMS

‣ Molding of polydimethylsiloxan 
(PDMS) against microfabricated 
master



Microfabrication

!13

➥ Replica molding
‣ Molding of polydimethylsiloxan 

(PDMS) against microfabricated 
master 

‣ Fast and cheap process 
‣ Reusable Master



Microfabrication
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PDMS

Glass

Plasma 
treatment
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Microfabrication
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➥ Replica molding

Chip 
assembly

‣ Molding of polydimethylsiloxan 
(PDMS) against microfabricated 
master 

‣ Fast and cheap process 
‣ Reusable Master



Application of Microfluidics
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‣ Chemical synthesis 

‣ Cell  analysis & sorting 

‣ Diagnostic tools (Point-of-care) 

‣ Organs-on-a-chip

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



Biomicrofluidics & Organ-on-a-chip
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➥ Microfabrication techniques 

➥ Organ-on-a-chip technology



The Problem
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Drug development

Scannell et al. Nat. Rev. 
Drug discovery (2012)
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’s lawO MORE



Drug development
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 The cost of creating a new drug ~ $5 Billion

Company Number New 
Drugs

10 Year R&D 
Spending ($Mil)

R&D Per Drug 
($Mil)

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



Drug development
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Drug 
Discovery  Preclincal  

3-6 Years 

5000- 
10,000 250 

Clinical 
Trials 

6-7 Years 

1 or 2 5 

FDA 
Review Market 

0.5-2 Years 

1 1 or 2 

Extremely 
important but 
inefficient and 

ineffective



Preclinical research

‣ fail to resemble human 
physiology 

‣ impossible to create humanized 
disease systems 

‣ ethical concerns

➥ Relies on animal models

!22A. Mathur, P. Loskill, et al., Stem Cell Res & Ther  (2013)
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Preclinical research
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3R principle

Preclinical research
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Types of animal models

Mammals Number

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

Preclinical research
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Rodent models

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

Advantages  
‣ Small: Advantageous in terms 

of housing and facility size  

‣ Fast breeding

Disadvantages  
‣ Specific environment and diet 

‣ Strain-specific results due to 
breeding 

‣ Compared to human: 
‣ Different physiology (heart rate 

500–700 bpm) 
‣ Large differences in immune 

system

Preclinical research
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“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“.

“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“.

≄

Preclinical research

Rodent models
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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.“

≄

Preclinical research

Rodent models
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Couzin-Frankel Science (2013) 

22 NOVEMBER 2013    VOL 342    SCIENCE    www.sciencemag.org 922
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THREE MICE HAD VANISHED. AND ULRICH 

Dirnagl had a hunch about where they’d 

ended up: in the metaphorical dustbin 

housing animals—and there are lots of 

them—that line up at an experiment’s start-

ing line but are discarded before the fi nish. 

The paper that Dirnagl, director of the Cen-

ter for Stroke Research at Charité University 

Medicine Berlin, was reviewing described 

how a new drug protected a rodent’s brain 

after a stroke. The authors used 20 mice, 

half of which got the therapy. But mysteri-

ously, only seven of the 10 treated animals 

appeared in a graph analyzing the results.  

“I wrote to the editor and said, ‘I cannot 

judge this paper, I need to know where the 

three mice went,’ ” Dirnagl recalls. For 

6 months, radio silence. Then, the editor 

responded. He’d heard from the authors, he 

told Dirnagl. The three mice, suffering from 

massive strokes, had died, and the authors 

had simply left them out of the paper. Extra 

analysis of their stroke drug, however, 

revealed that those mice had an important 

message to bear: The therapy harmed the 

brain rather than helping it. 

“This isn’t fraud,” says Dirnagl, who often 

works with mice. Dropping animals from a 

research study for any number of reasons, he 

explains, is an entrenched, accepted part of 

the culture. “You look at your data, there are 

no rules. … People exclude animals at their 

whim, they just do it and they don’t report it.” 

That bad habit, he believes, is one of several 

that plague animal studies. 

For years, researchers, pharmaceutical 

companies, drug regulators, and even the 

general public have lamented how rarely 

therapies that cure animals do much of 

anything for humans. Much attention has 

focused on whether mice with different 

diseases accurately reflect what happens 

in sick people. But Dirnagl and some 

others suggest there’s another equally acute 

problem. Many animal studies are poorly 

done, they say, and if conducted with greater 

rigor they’d be a much more reliable predictor 

of human biology.

It’s hard to generalize, of course: Animal 

studies cut across a massive swath of biology, 

tracking everything from the activity of single 

molecules in a healthy organ to side effects 

of a new drug poised for human testing. 

And many who stake their careers on animal 

studies conduct them with care, judiciously 

weighing how to structure their experiments 

and chasing the science wherever their furry 

subjects take it.

That said, even animal research that has 

a big effect on human drug studies—like the 

work Dirnagl reviewed—is governed by far 

fewer standards than clinical trials in people. 

There, volunteers are randomly assigned by 

NEWSFOCUS

When Mice Mislead
Tackling a long-standing disconnect between animal and human studies, some charge that animal 

researchers need stricter safeguards and better statistics to ensure their science is solid

Published by AAAS
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➥ 1 worked

New stroke therapies
© psdesign1 - Fotolia

➥ 603 drugs tested in animals
‣ 374 showed positive healing 

effects 
‣ 97 tried in humans

≄
“…wasn’t tested because of 
animal data at all, but because it 
had already benefitted patients 
with heart attacks.” 

www.sciencemag.org    SCIENCE    VOL 342    22 NOVEMBER 2013 923

NEWSFOCUS

computer to get a new drug or a placebo. 
Those running a trial are often blinded to 
who’s in what category, preventing clinicians 
invested in a therapy’s success from 
imagining hints of effi cacy in patients they 
know are getting a new drug. And look up any 
clinical trial seeking volunteers and you’ll 
see a long list of “inclusion” and “exclusion” 
criteria governing who can participate. If you 
have high blood pressure or if your cancer is 
being treated with a certain drug, you might 
be out of luck. 

Animal studies rarely follow these rules. 
For ethical and cost reasons, researchers try 
to use as few animals as possible, which can 
mean minuscule sample sizes. Unblinded, 
unrandomized studies are the norm. In 
Dirnagl’s words, “the way we do our research 
with our animals is stone-age.” 

From various quarters, there’s pressure 
to change that. High-prof ile studies 
showing that preclinical results often cannot 
be reproduced are driving funders and 
researchers to seek solutions—as much to 
mend their public image as to guarantee 
sound science.   

The roots of bias
Dirnagl’s concerns were sparked around 
the same time as a friend and colleague’s 
across the English Channel. A decade ago, 
Malcolm Macleod, a Scottish neurologist at 
the University of Edinburgh, went hunting 
for new stroke therapies. He wanted to fi nd 
compounds that had looked good in animals 
but had stalled there and that might be worth 
testing in people.

Macleod and his colleagues identified 
603 drugs tested in animals, 374 of which 
had helped heal the brain. Of those, 97 had 
been tried in humans—and only one had 
worked. And that one, Macleod is quick to 
point out, wasn’t tested because of animal 
data at all, but because it had already 
benefi tted patients with heart attacks. 

Startled by this chasm separating 
experimental animals and people, Macleod 
turned his attention to what was going wrong. 
One possibility, he reasoned, was that the 
therapy wasn’t tested properly in humans—
say the dose was too low, or it was given too 
long after a stroke. Another was that human 
testing had been appropriate, but the animals 
were simply a poor model of human stroke. 
And the third was that the drug wasn’t tested 
properly in animals to begin with. 

Macleod dug deeper. What he found 
alarmed him. Only 36% of the animal 
studies described randomly assigning 
animals to stroke treatment or placebo. 
Only 29% reported blinding. What’s more, 

studies that didn’t report randomizing 
and blinding—which was most of them—
“gave substantially and signifi cantly higher 
estimates of how good these drugs were,” 
Macleod says. In one case, the effectiveness 
of a stroke drug was twice as high in the 
studies that didn’t report randomizing as in 
those that did. 

Macleod then turned to other neuro-
logical ailments: Alzheimer’s, multiple 
sclerosis, Huntington’s disease, Parkinson’s, 
and pain. In animal studies of potential 
treatments, the situation was, if anything, 
worse than in stroke, the measures that 
might dampen bias applied even less often.

Many of these authors likely didn’t 
recognize what Macleod perceived as 
lack of rigor in their studies because their 
mentors, and their mentors’ mentors, had 
followed this same approach. “I was trained 
as an animal researcher,” says Lisa Bero, 
now a health policy expert at the University 
of California, San Francisco. “Their idea of 
randomization is, you stick your hand in the 
cage and whichever one comes up to you, 
you grab. That is not a random way to select 
an animal.” Some animals might be fearful, 
or biters, or they might just be curled up in 
the corner, asleep. None will be chosen. And 
there, bias begins.

Macleod’s work, published in a series of 
papers beginning in 2004, is complemented 
by other strands of evidence. A 2008 paper 
in the journal Amyotrophic Lateral Sclerosis 
described efforts by the nonprofit ALS 
Therapy Development Institute to retest 
more than 70 compounds that had eased 
symptoms in a mouse model of the disease. 
Not a single one panned out. 

It was what the ALS authors did next that 
was particularly interesting. At the end of 
their dismal replication efforts, they were 

left with a treasure trove of data on 2241 
control animals—mice that hadn’t gotten 
any active drug. The researchers randomly 
assigned mice to two groups, matched for 
sex, litter size, and other variables. Then 
they looked for differences in mean life 
expectancy—something they shouldn’t see, 
because the two groups were essentially 
the same.

What they found was telling. If the two 
groups contained just four animals each, 

there was a 30% chance that an illusory 
life expectancy gap would show up. With 
10 animals per group, the risk dropped 
to 10%. “You can imagine 10 labs doing 
this experiment,” says Shai Silberberg, a 
program director at the National Institute of 
Neurological Disorders and Stroke (NINDS) 
in Bethesda, Maryland. “One gets an effect, 
and they publish it.” The other nine are much 
less likely to submit a paper. Suddenly, the 
literature is skewed. 

The numbers of animals that the ALS 
researchers used may sound small, but 
they’re grounded in reality. A survey of 
76 infl uential animal studies found that half 
used fi ve or fewer animals per group.  

Bero recently examined animal research of 
statins for heart disease. At the International 
Congress on Peer Review and Biomedical 
Publication in September, she reported that 
work funded by industry was less likely to 
endorse the drug in question than work from 
another funding source, maybe because 
companies don’t want to pour millions of 
dollars into testing a treatment in people that’s 
unlikely to help them. 

Status quo revisited
In Bethesda, Silberberg sits in a position 
of power, part of a committee advising 
the NINDS director on which of the most 
costly studies should be considered. About 
3 years ago, Silberberg, who trained as a bio-
physicist in Israel and later the United States, 
grew more and more worried that the insti-
tute was greenlighting some projects that 
weren’t based on solid science. He decided 
to do something about that. 

There were lots of avenues Silberberg 
could have followed, and he settled on 
animals. In part, he was responding to data 
like Macleod’s, with its startling evidence 

of what he saw as entrenched biases in 
animal research. A slice of NINDS’s budget 
is funneled to translating animal studies 
to people. Among other things, Silberberg 
worried about “poor patients [who] are 
exposed to things they shouldn’t be.”

After lots of agitating and conversation 
within the National Institutes of Health 
(NIH), in the summer of 2012 Silberberg 
and some allies went outside it, convening 
a workshop in downtown Washington, 

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

—ULRICH DIRNAGL, CHARITÉ UNIVERSITY MEDICINE BERLIN

Published by AAAS
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Preclinical research

Conventional cell culture
➥ Culture of cells 
‣ Petri dishes (ideal for manipulation 

& analysis)  
‣ Flasks (large volume) 
‣ Well plates (ideal for automation)

Advantages  
‣ Simple handling & logistics 

‣ Use of cell lines (unlimited 
availability) 

‣ Reproducible & 
standardisable 

‣ Cheap 

‣ Various ways of analysis

Disadvantages  
‣ 2D cell monolayers 

‣ Cell / media ratio magnitudes too low 

‣ Typically mono-cultures 

‣ No perfusion 

‣ No mechanical forces 

‣ On (hard) plastic surfaces 

“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)



de Graaf et al. Nature Protocols (2010) 

Precision Cut Liver Slices 
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Preclinical research

Conventional cell culture
➥ Tissue slices
‣ Vascularised tissue 
‣ includes all cell types 
‣ embedded in native ECM

Advantages  
‣ Physiological model of 

human tissue

Disadvantages  
‣ Long, expensive and elaborate 

preparation 

‣ Necrotic tissue at interfaces 

‣ Availability limited 

‣ Not storable 

‣ Large variability due to patient 
heterogeneity



Drug development

‣ fail to resemble human 
physiology 

‣ impossible to create humanized 
disease systems 

‣ ethical concerns

➥ Relies on animal models

!32A. Mathur, P. Loskill, et al., Stem Cell Res & Ther  (2013)



‣ fail to resemble human 
physiology 

‣ impossible to create humanized 
disease systems 

‣ ethical concerns

➥ Relies on animal models

Drug development

Classical approach Next generation approach

‣ resemble human physiology 

‣ patient and disease specific  

‣ no ethical concerns

➥ Adds organs-on-a-chip

!33A. Mathur, P. Loskill, et al., Stem Cell Res & Ther  (2013)



Microfluidic Organs-on-a-chip 
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Using the 
human body…

…creates 
microphysiological 
Organs-on-a-chip.

…and as an iPS cell 
source…

…for physiological 
mimicry…

…then adding 
microfluidic perfusion…

■ Human tissue 
■ Physiological structure & function 
■ Microfluidic perfusion

➥ How do we define organs-on-a-chip?



Perfused Trans-Well Systems

The MIT Liver Chip • Advantages 
– Commercially established 
– A multi-organ version is 

under development 
• Disadvantages 

– Large perfusion volumes 
– Difficult to perform in situ 

confocal imaging 
– Organs not sustained off 

platform 
– Tethered to pneumatic 

controller 

722 http://www.liverchip.com  /  CN Bio Innovations Limited 

http://www.technologyreview.com/article/529866/th
e-practical-activist/ 
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Liver Module - Linda 
Griffith (MIT)

evaluation of pharmaceutical drug candidates and human skin
is the target tissue for cosmetics. The human hepatocyte cell
line, HepaRG, primary human hepatic stellate cells (HHSteC)
and freshly generated skin biopsies were cultured simulta-
neously to demonstrate the comprehensiveness of the MOC
system with regard to tissue sources. Each of the perfused
MOC tissue culture compartments was designed the scale of a
single well of a standard 96-well plate to fit industrially applied
standard formats of in vitro culture. This allowed the direct
exposure of co-cultures to fluid flow at the bottom of the
compartments and the co-culture to be shielded from the
underlying fluid flow by standard Transwell1 inserts. The
latter mode, in addition, facilitates the culture of skin at the
air–liquid interface. Furthermore, the MOC device’s stable
long-term performance enables repeated dose exposure of
tissues to troglitazone, a diabetic drug with well-known dose-
dependent liver toxicity.

Materials and methods

Device design and fabrication

We established a rapid prototyping procedure for the flexible
fabrication of various designs of MOCs. A single 2 mm high
polydimethylsiloxane (PDMS) layer containing the respective
arrangement of channels, micropumps and openings for
culture compartments (Fig. 1a) was permanently bonded by
low pressure plasma oxidation (Femto; Diener, Ebhausen,
Germany) to a glass microscope slide with a footprint of 75 6
25 mm (Menzel, Braunschweig, Germany), thus forming the

respective fluid-tight microfluidic MOC device with standard
channel heights of 100 mm. The peristaltic on-chip micropump
was modified from Wu and co-workers9 and represents three
500 mm thick PDMS membranes in a row. They are
consecutively actuated by applying pressure. Up to seven
tissue culture compartments have been designed into MOC
devices for different applications (larger black areas of each
design in Fig. 1a). The design consisting of two culture
compartments per co-culture circuit (Fig. 1a, top image) was
used in the experiments reported here. The MOCs were
fabricated applying standard soft lithography and replica
moulding of PDMS (Sylgard 184, Dow Corning, Midland, MI,
USA). In brief, a master mould was fabricated by bonding a
silicon wafer to a glass wafer. Photoresist was applied to the
silicon wafer and patterned by using a photomask and UV
light. Subsequently, unprotected silicon regions were etched
and the photoresist was stripped. The fabrication of the
microsystem was as follows: A polycarbonate cover-plate was
treated with a silicon rubber additive (WACKER1 PRIMER G
790; Wacker Chemie, Munich, Germany) at 80 uC for 20 min.
Teflon screws were inserted to create four PDSM-free
compartments for culture and six 500-mm thick PDMS
membranes to connect the micropumps. The prepared cover-
plate was plugged to the master mould (channel height 100
mm, width 500 mm) and PDMS (10 : 1 v/v ratio of PDMS to
curing agent) was injected into this casting station. The set-up
was incubated at 80 uC for 60 min and, subsequently, bonded
to the glass slide. A schematic drawing of the final MOC device
is illustrated in Fig. 1b and highlights the fluid flow directions.
Fig. 1c illustrates the culture compartments, each designed to
hold a maximum of 300 ml medium. The direct exposure of

Fig. 1 The microfluidic MOC device at a glance. a) Bird’s-eye view of three different MOC designs. b) 3D drawing of an assembled MOC with two microfluidic circuits
in a PDMS-glass chip attached to a cover-plate and placed into a MOC holder (blue). Arrows indicate fluid flow direction of each circuit. S-skin culture compartments,
L-liver culture compartments c) Schematic sections through the tissue culture compartments supporting both submersed tissue cultures in the fluid flow (left image)
or cultures in Transwell1 (right image).
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evaluation of pharmaceutical drug candidates and human skin
is the target tissue for cosmetics. The human hepatocyte cell
line, HepaRG, primary human hepatic stellate cells (HHSteC)
and freshly generated skin biopsies were cultured simulta-
neously to demonstrate the comprehensiveness of the MOC
system with regard to tissue sources. Each of the perfused
MOC tissue culture compartments was designed the scale of a
single well of a standard 96-well plate to fit industrially applied
standard formats of in vitro culture. This allowed the direct
exposure of co-cultures to fluid flow at the bottom of the
compartments and the co-culture to be shielded from the
underlying fluid flow by standard Transwell1 inserts. The
latter mode, in addition, facilitates the culture of skin at the
air–liquid interface. Furthermore, the MOC device’s stable
long-term performance enables repeated dose exposure of
tissues to troglitazone, a diabetic drug with well-known dose-
dependent liver toxicity.

Materials and methods

Device design and fabrication

We established a rapid prototyping procedure for the flexible
fabrication of various designs of MOCs. A single 2 mm high
polydimethylsiloxane (PDMS) layer containing the respective
arrangement of channels, micropumps and openings for
culture compartments (Fig. 1a) was permanently bonded by
low pressure plasma oxidation (Femto; Diener, Ebhausen,
Germany) to a glass microscope slide with a footprint of 75 6
25 mm (Menzel, Braunschweig, Germany), thus forming the

respective fluid-tight microfluidic MOC device with standard
channel heights of 100 mm. The peristaltic on-chip micropump
was modified from Wu and co-workers9 and represents three
500 mm thick PDMS membranes in a row. They are
consecutively actuated by applying pressure. Up to seven
tissue culture compartments have been designed into MOC
devices for different applications (larger black areas of each
design in Fig. 1a). The design consisting of two culture
compartments per co-culture circuit (Fig. 1a, top image) was
used in the experiments reported here. The MOCs were
fabricated applying standard soft lithography and replica
moulding of PDMS (Sylgard 184, Dow Corning, Midland, MI,
USA). In brief, a master mould was fabricated by bonding a
silicon wafer to a glass wafer. Photoresist was applied to the
silicon wafer and patterned by using a photomask and UV
light. Subsequently, unprotected silicon regions were etched
and the photoresist was stripped. The fabrication of the
microsystem was as follows: A polycarbonate cover-plate was
treated with a silicon rubber additive (WACKER1 PRIMER G
790; Wacker Chemie, Munich, Germany) at 80 uC for 20 min.
Teflon screws were inserted to create four PDSM-free
compartments for culture and six 500-mm thick PDMS
membranes to connect the micropumps. The prepared cover-
plate was plugged to the master mould (channel height 100
mm, width 500 mm) and PDMS (10 : 1 v/v ratio of PDMS to
curing agent) was injected into this casting station. The set-up
was incubated at 80 uC for 60 min and, subsequently, bonded
to the glass slide. A schematic drawing of the final MOC device
is illustrated in Fig. 1b and highlights the fluid flow directions.
Fig. 1c illustrates the culture compartments, each designed to
hold a maximum of 300 ml medium. The direct exposure of

Fig. 1 The microfluidic MOC device at a glance. a) Bird’s-eye view of three different MOC designs. b) 3D drawing of an assembled MOC with two microfluidic circuits
in a PDMS-glass chip attached to a cover-plate and placed into a MOC holder (blue). Arrows indicate fluid flow direction of each circuit. S-skin culture compartments,
L-liver culture compartments c) Schematic sections through the tissue culture compartments supporting both submersed tissue cultures in the fluid flow (left image)
or cultures in Transwell1 (right image).
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Multi-Transwell module - Uwe 
Marx (Berlin)

Wagner, et al. Lab Chip 2013, 13 (18), 3538.

Advantages  
‣ Commercially established 

‣ Multi-organ-versions 

Disadvantages  
‣ Large perfusion volumes 

‣ Difficult to perform in situ imaging  

‣ Organs not sustained off platform 

‣ Tethered to pneumatic controller



The next step:
Microphysiological Systems (MPS) / 

Microfluidic Organs-on-a-chip /  

Tissue Chips

➥ Creating microscopic “minimal functional units” of 
organs in a microfluidic environment



‣ Blood-Brain-Barrier

‣ Lung

‣ Liver

‣ Gut

‣ Bone

„… a microfluidic cell culture device created with microchip manufacturing methods 
that contains continuously perfused chambers inhabited by living cells arranged to 
simulate tissue- and organ-level physiology. “ Bhatia SN, Ingber DE. Nature Biotechnology 2014;32:760-772

Microfluidic Organs-on-a-chip 

Lung

Blood-brain-
barrier

Gut

Heart

Bone

Liver

Metabolic 
Systems

Barrier Systems Mechanical 
Systems 

Fat

Skin

Neurons

Neuronal  
Systems

➥ Simulate tissue-/organ-level functionality



Lung on a chip -  
Don Ingber (Wyss Institute / 
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Reconstituting Organ-Level Lung
Functions on a Chip
Dongeun Huh,1,2 Benjamin D. Matthews,2,3 Akiko Mammoto,2 Martín Montoya-Zavala,1,2
Hong Yuan Hsin,2 Donald E. Ingber1,2,4*

Here, we describe a biomimetic microsystem that reconstitutes the critical functional alveolar-
capillary interface of the human lung. This bioinspired microdevice reproduces complex integrated
organ-level responses to bacteria and inflammatory cytokines introduced into the alveolar space.
In nanotoxicology studies, this lung mimic revealed that cyclic mechanical strain accentuates toxic
and inflammatory responses of the lung to silica nanoparticles. Mechanical strain also enhances
epithelial and endothelial uptake of nanoparticulates and stimulates their transport into the
underlying microvascular channel. Similar effects of physiological breathing on nanoparticle
absorption are observed in whole mouse lung. Mechanically active “organ-on-a-chip” microdevices
that reconstitute tissue-tissue interfaces critical to organ function may therefore expand the
capabilities of cell culture models and provide low-cost alternatives to animal and clinical studies
for drug screening and toxicology applications.

Oneof the causes of the high cost of phar-
maceuticals and the major obstacles to
rapidly identifying new environmental

toxins is the lack of experimental model systems
that can replace costly and time-consuming animal
studies. Although considerable advances have
been made in the development of cell culture
models as surrogates of tissues and organs for
these types of studies (1), cultured cells commonly
fail to maintain differentiation and expression of
tissue-specific functions. Improved tissue organi-
zation can be promoted by growing cells in three-
dimensional extracellular matrix (ECM) gels (2);
however, these methods still fail to reconstitute
structural and mechanical features of whole living
organs that are central to their function. In par-
ticular, existing model systems do not recreate the
active tissue-tissue interface between the micro-
vascular endothelium and neighboring parenchy-

mal tissues where critical transport of fluids,
nutrients, immune cells, and other regulatory
factors occur, nor do they permit application of
dynamic mechanical forces (e.g., breathing move-
ments in lung, shear in blood vessels, peristalsis
in gut, tension in skin, and the like) that are crit-
ical for the development and function of living
organs (3).

Microscale engineering technologies first de-
veloped to create microchips, such as microfabri-
cation and microfluidics, enable unprecedented
capabilities to control the cellular microenvi-
ronment with high spatiotemporal precision and
to present cells with mechanical and biochemical
signals in a more physiologically relevant context
(4–7). This approach has made it possible to
microfabricate models of blood vessels (8, 9),
muscles (10), bones (11), airways (12), liver
(13–16), brain (17, 18), gut (19), and kidney
(20, 21). However, it has not yet been possible
to engineer integratedmicrosystems that replicate
the complex physiological functionality of living
organs by incorporating multiple tissues, includ-
ing active vascular conduits, and placing them in
a dynamic and mechanically relevant organ-
specific microenvironment.

To provide the proof of principle for a bio-
mimetic microsystems approach, we developed a

multifunctional microdevice that reproduces key
structural, functional, and mechanical proper-
ties of the human alveolar-capillary interface,
which is the fundamental functional unit of the
living lung. This was accomplished by micro-
fabricating a microfluidic system containing two
closely apposed microchannels separated by a
thin (10 mm), porous, flexible membrane made of
poly(dimethylsiloxane) (PDMS). The interven-
ingmembranewas coatedwith ECM (fibronectin
or collagen), and human alveolar epithelial cells
and human pulmonary microvascular endothelial
cells were cultured on opposite sides of the mem-
brane (Fig. 1A). Once the cells were grown to
confluence, air was introduced into the epithelial
compartment to create an air-liquid interface and
more precisely mimic the lining of the alveolar
air space. The compartmentalized channel con-
figuration of the microdevice makes it possible to
manipulate fluid flow, as well as delivery of cells
and nutrients, to the epithelium and endothelium
independently.

During normal inspiration, intrapleural pres-
sure decreases, causing the alveoli to expand; this
pulls air into the lungs, resulting in stretching of
the alveolar epithelium and the closely apposed
endothelium in adjacent capillaries (Fig. 1B). We
mimicked this subatmospheric, pressure-driven
stretching by incorporating two larger, lateral
microchambers into the device design. When
vacuum is applied to these chambers, it produces
elastic deformation of the thin wall that separates
the cell-containing microchannels from the side
chambers; this causes stretching of the attached
PDMS membrane and the adherent tissue layers
(Fig. 1A, right versus left). When the vacuum is
released, elastic recoil of PDMS causes the mem-
brane and adherent cells to relax to their original
size. This design replicates dynamic mechanical
distortion of the alveolar-capillary interface caused
by breathing movements.

These hollow microchannels were fabricated
by soft lithography in conjunction with a new
method that uses chemical etching of PDMS (22)
to form the vacuum chambers. Fabrication begins
with alignment and permanent bonding of a 10-mm-
thick porous PDMSmembrane (containing 10-mm-
wide pentagonal pores) and two PDMS layers
containing recessed microchannels (Fig. 1C). A
PDMS etching solution composed of tetrabutyl-
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ammonium fluoride andN-methylpyrrolidinone is
then pumped through the side channels (Fig. 1D).
Within a few minutes, PDMS etchant completely
dissolves away portions of the membrane in the
side channels, creating two large chambers di-
rectly adjacent to the culture microchannels. The
entire integrated device is only 1 to 2 cm in length,
with the central channels onlymillimeters in width
(Fig. 1E), and thus, it is fully amenable to high-
density integration into a highly multiplexed
microdevice in the future.

Reconstitution of a functional alveolar-
capillary interface. When human alveolar
epithelial cells and microvascular endothelial cells
were introduced into their respective channels,
they attached to opposite surfaces of the ECM-
coated membrane and formed intact monolayers
composed of cells linked by continuous junctional
complexes containing the epithelial and endothe-
lial junctional proteins, occludin and vascular
endothelial cadherin (VE-cadherin), respec-
tively (Fig. 2A). These cells remained viable
for prolonged periods (>2 weeks) after air was
introduced into the epithelial microchannel and the
alveolar cells were maintained at an air-liquid
interface (fig. S1). Addition of air to the upper
channel resulted in increased surfactant production
by the epithelium (Fig. 2B and fig. S1), which
stabilizes the thin liquid layer in vitro as it does in
whole lung in vivo, such that no drying was
observed. This was also accompanied by an in-

crease in electrical resistance across the tissue
layers (Fig. 2C) and enhanced molecular barrier
function relative to cells cultured under liquid
medium (Fig. 2D). These differences in barrier
integrity and permeability likely result from
strengthening of intercellular junctions in air-
liquid interface culture (12), and from the observed
changes in pulmonary surfactant production that
can influence alveolar-capillary barrier function
(23). Moreover, the low level of protein perme-
ability (2.1%/hour for fluorescently labeled albu-
min) exhibited by cells cultured at the air-liquid
interface (Fig. 2D) closely approximated that ob-
served in vivo (1 to ~2%/hour) (24). It should be
noted that although we mimic the alveolar micro-
environment by generating an air-liquid interface
in contact with the apical surface of epithelium in
our microdevice, there is likely a large variation in
the microscale properties of this interface in vivo.
Thus, it would be difficult to interpret these results
in any way other than functional measures at this
time. Our results clearly show that the epithelial
cells not only remained viable but also increased
their surfactant production, enhanced their structural
integrity, and restored normal barrier permeability
in this biomimetic microsystem.

The microfluidic device was then integrated
with computer-controlled vacuum to produce cyclic
stretching of the tissue-tissue interface to mimic
physiological breathing movements (movie S1).
The level of applied strain ranged from 5% to

15% to match normal levels of strain observed in
alveoli within whole lung in vivo, as previously
described (25). Vacuum application generated uni-
form, unidirectional mechanical strain across the
channel length, as demonstrated by measured dis-
placements of fluorescent quantum dots immobi-
lized on the PDMSmembrane (Fig. 2E andmovie
S2). Membrane stretching also resulted in cell
shape distortion, as visualized by concomitant
increases in the projected area and length of the
adherent cells in the direction of applied ten-
sion (Fig. 2F and movie S3).

The permeability of the alveolar-capillary bar-
rier to fluorescent albumin remained unchanged
during cyclic stretching over 4 hours with phys-
iological levels of strain (5 to ~15%) or after pre-
conditioning with 10% strain for varying amounts
of time (fig. S1). Application of physiological
cyclic strain (10% at 0.2 Hz) also induced cell
alignment in the endothelial cells in the lower
compartment (fig. S2 and movie S4) and, hence,
mimicked physiological responses previously
observed in cultured endothelium and in living
blood vessels in vivo (26, 27). Cyclic stretching
caused some pulsatility in the fluid flow, but this
unsteady effect was negligible due to the small
channel size and low stretching frequency (see
SOM text). Thus, this microdevice extends far
beyond previously described cell stretching sys-
tems by permitting the application of cyclic stretch
and fluid shear stress to two opposing cell layers

Fig. 1. Biologically inspired design of a human breathing lung-on-a-chip
microdevice. (A) The microfabricated lung mimic device uses compart-
mentalized PDMS microchannels to form an alveolar-capillary barrier on
a thin, porous, flexible PDMS membrane coated with ECM. The device
recreates physiological breathing movements by applying vacuum to the
side chambers and causing mechanical stretching of the PDMS membrane
forming the alveolar-capillary barrier. (B) During inhalation in the living
lung, contraction of the diaphragm causes a reduction in intrapleural
pressure (Pip), leading to distension of the alveoli and physical stretching

of the alveolar-capillary interface. (C) Three PDMS layers are aligned and
irreversibly bonded to form two sets of three parallel microchannels
separated by a 10-mm-thick PDMS membrane containing an array of
through-holes with an effective diameter of 10 mm. Scale bar, 200 mm.
(D) After permanent bonding, PDMS etchant is flowed through the side
channels. Selective etching of the membrane layers in these channels
produces two large side chambers to which vacuum is applied to cause
mechanical stretching. Scale bar, 200 mm. (E) Images of an actual lung-
on-a-chip microfluidic device viewed from above.
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Lung characteristics 

➥ Breathing motion: 
Mechanical stimulation  

➥ Air-Blood interface 

➥ Immune competent
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➥ Immune competent
‣ Injection of white blood cells



Heart characteristics 

➥ Spontaneous beating 

➥ High mechanical stresses 

➥ Physiological drug 
response
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Heart on a chip - Peter Loskill (Fraunhofer IGB / UC Berkeley)

➥ Highly aligned Cardiomyocytes 

➥ 3D architecture
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‣ Convective Transport

‣ Diffusive transport
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➡ Mimicking vasculature

➡ Mimicking shear force protection 
of endothelial barrier

Convective  
transport

Endothelial barrier

Diffusive transport
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‣ Diffusive transport
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‣ Convective Transport ➡ Mimicking vasculature

‣ Diffusive transport ➡ Mimicking shear force protection 
of endothelial barrier
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Liver characteristics 

➥ Multi-layer structure 

➥ Metabolism 

➥ Non parenchymal cells
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Intercellular signalling 
stabilises cell differentiation

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

➥ capture of metabolite and 
off-target toxicity  

➥ studies on organ-organ 
interactions
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cess rates of those systems. The predefined geometry 
of the microfluidic chips housing several organ com-
partments entails two substantial problems: first, the 
failure of one of the integrated organ chambers conse-
quently and inevitably leads to deficiency of the com-

plete multi-organ system. Second, the fact that culture 
medium is shared via the connected fluidic network at 
all time points, from cell/tissue loading until comple-
tion of the experiment, limits the tissues’ maintenance 
due to restrictions in tissue-specific culture medium 

Figure 2. General approaches for the integration to multi-organ devices. (A) Static systems: multiple tissues are 
integrated into a single device connected to each other. (B) Semistatic systems: tissues are interconnected via a 
fluidic network with Transwell®-based tissue inserts. (C) Flexible systems: individual organ/tissue specific platforms 
are joined together using flexible microconnectors. 
(A) Reproduced with permission from the Royal Society of Chemistry [38]; (B) Reproduced with permission from 
the Royal Society of Chemistry [41].
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tion of the experiment, limits the tissues’ maintenance 
due to restrictions in tissue-specific culture medium 

Figure 2. General approaches for the integration to multi-organ devices. (A) Static systems: multiple tissues are 
integrated into a single device connected to each other. (B) Semistatic systems: tissues are interconnected via a 
fluidic network with Transwell®-based tissue inserts. (C) Flexible systems: individual organ/tissue specific platforms 
are joined together using flexible microconnectors. 
(A) Reproduced with permission from the Royal Society of Chemistry [38]; (B) Reproduced with permission from 
the Royal Society of Chemistry [41].
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different flow rates were applied to the multi-channel 3D-

mFCCS. A plot of the normalized fluorescence across the central

compartment is given in Fig. 4C. These values were calculated

20 mm away from the GM center, where maximum intensity is

1/15 of the intensity at the center of the GM (the dashed line

shown in Fig. 4B), so that the diffusion of released RITC-dextran

was captured. Even with no flow applied, the fluorescence within

the side-channels was !25% of that in the central compartment.

With applied flow, the fluorescence within the central compart-

ment remained unchanged. However, the fluorescence within the

side-channels was much lower, being 5% of that in the central

compartment. It suggested that the released molecule from the

GMs was indeed largely confined to the central compartment.

With an average density of 50 GMs per channel, the resultant

GM spacing was !200 mm from each other, resulting in a fairly

even distribution of TGF-b1 within the central compartment.

This study confirmed that it is possible to use GMs to achieve

compartmental isolation in the multi-channel 3D-mFCCS.

Controlled-release of TGF-b1 from the GMs

We have previously demonstrated controlled-release of TGF-b1

from GMs inside the 3D-mFCCS19 and have confirmed that only

limited amount of molecules could leak out to the side-channels

during perfusion (Fig. 5). Instead of perfusing TGF-b1 in the

CM, we controlled-released it only in the A549 channel for

demonstration. To determine the number of GMs needed in the

A549 channel, the controlled-release profile of TGF-b1 from

the GMs was measured in the multi-channel 3D-mFCCS under

the flow of 0.2 ml/h. When the A549 channel was fully packed

with TGF-b1-loaded-GMs (!10000 GMs/channel), the average

daily release was 340 " 92 pg (Fig. 5). In order to deliver a daily

concentration of 30 ng/ml of TGF-b1 in the multi-channel

3D-mFCCS, the amount of TGF-b1 needed was !1.8 pg.

Therefore, the number of GMs to be immobilized in the lung

(A549) culture channel in order to release TGF-b1 at a concen-

tration of 30 ng/ml was calculated to be !50.

Compartmental isolation between different cell types on the

multi-channel 3D-mFCCS

To individually control the functions of different cell types, and

thus imitate the in vivo situation that different organs are flu-

idically-linked by blood and yet relatively isolated from each

other,16 we culture each cell type in separate microfluidic chan-

nels through which the CM was perfused. After 48 hours of

culture in the multi-channel 3D-mFCCS, the cellular functions of

all the four cell types were measured (Fig. 6). When TGF-b1 was

directly supplemented in the CM, the amount of albumin

secretion from C3A drastically decreased by !50% and the GGT

Fig. 2 Perfusion system set-up. (A) The schematic representation of the

multi-channel 3D-mFCCS, (B) the geometry of the 3D-mFCCS (the

micropillar array separates the two side-channels from the central

compartment), (C) the close-loop perfusion culture of cells. During

culture, the A549 (lung) channel was closed to facilitate medium perfu-

sion in a serial manner.

Fig. 3 Evaluation of cell viability. In the presence of TGF-b1, (A) A549,

(C) HK-2 and (D) HPA cultured in the multi-channel 3D-mFCCS after

2 days maintained high cell viability as shown in the confocal images

upon staining with vital dyes, Calcein AM (green) for live cells and PI

(red) for dead cells. (B) C3A cells showed a decreased viability (more red

dots) compared to the others. Confocal images were visualized with

maximal intensity projections of 60–70 mm.
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The silicon chips were cleaned with a solution of sulfuric
acid and hydrogen peroxide (3 : 1) at 70 °C before every use.
This cleaning step is particularly important when the chip is
re-used several times. The solution removes extracellular
matrix components that are deposited by cells grown on the
chip in previous experiments.

The microfluidic GI tract module of the body-on-a-chip
device was machined in plexiglass with round apical and
basolateral chambers so that transwell membrane inserts fit
into it (Fig. 1C). The resulting cell culture chambers (apical
and basolateral, separated by the transwell insert membrane)
were 0.5 mm deep and 12 mm in diameter.

Body-on-a-chip systems operation

Two fluidic circuits were constructed (Fig. 1B): the first
recirculated medium between a container that contained
medium with 50 nm carboxylated polystyrene nanoparticles
and the apical chamber of the GI tract module. The second
fluidic circuit represented the systemic circulation of the
human body. This fluidic loop connected the basolateral
side of the GI tract module with the silicon chip and the
‘other organ’ container. The silicon chip contained the liver
chamber as well as three other organ chambers (adipose,
kidney, and bone marrow) to be used in future studies. The
‘other organ’ container represents spaces for all other organs
of the body (skin, muscle, brain, spleen, lung, heart, all
glands, etc.). The containers and chambers that represent
the liquid portions of organs other than those of interest
in this study (gastrointestinal tract and liver) were filled
with medium. The medium in both circulation loops was
re-circulated with a peristaltic pump.

Body-on-a-chip systems design. We have previously
described the design, operation and characterization of
the ‘GI tract–liver–other organ’ system.21 Briefly, the human

body (based on a 70 kg body) is scaled down by a factor of
400 000 (considering that we are using cell monolayers of a
height between 3–5 μm), requiring an overall flow rate of
3.59 μL min−1 through the entire systemic fluidic circuit, and
a flow rate of 1.47 μL min−1 through the liver chamber. The
scaling was based on physiologic values obtained from data
collections by Davies et al. and Price et al.22,23 A flow rate of
1.47 μL min−1 in the liver chamber allowed us to achieve a
near-physiologic fluid residence time. The fluid residence
time in the liver compartment of a system that is scaled by a
factor of 400 000 is 1.2 min and corresponds to the fluid
residence time in the liver in vivo.

To achieve this flow rate on a chip on which several
organs are represented, the fluidic stream of the systemic
circulation is passively divided between the organ compart-
ments on chip so that each fluidic stream experiences the
same pressure drop. Keeping the pressure drop across each
fluidic stream constant allows us to reach organ-specific
fluid flow rates by adjusting the hydraulic resistance across
each fluidic branch. This goal can be achieved by choosing
appropriate channel widths and lengths for the on chip
fluidic channels that lead to and from each organ chamber.
The resulting shear stress in the liver chamber was
estimated to be 1.01 dyn cm−2. Since the system was
designed to support several studies and we used it here
without adipose, kidney and bone marrow cells, the fluidic
flow was slightly biased on the chip. We measured the resi-
dence time in the liver chamber for this configuration and
found that the fluid residence time in the liver chamber
with only liver cells and GI tract cells, is 2.1 ± 0.3 min.21

Cell culture

HepG2/C3A cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and cultured at 37 °C

Fig. 1 Schematic of the silicon chip (A) and GI tract module (C) of the body-on-a-chip system, and the corresponding PBPK of the entire system
(B). The device was operated with Caco-2/HT29-MTX co-cultures in the GI tract module and HepG2/C3A cells in the liver chamber. Cell culture
medium was recirculated through two fluidic circuits: the fluidic connections between the components of the system are represented as arrows in
(B) (upper circuit in green = apical circulation and lower circuit in black = basolateral (systemic) circulation). The two fluidic circuits are separated
by Caco-2/HT29-MTX cell layers with developed barrier function. We added 50 nm carboxylated polystyrene nanoparticles to the apical circulation
at varying concentrations and measured the amount of aspartate aminotransferase (AST) in the medium of the basolateral/systemic circulation.
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composition. Additionally, static multi-organ systems 
require a simultaneous loading of the various incorpo-
rated cell types disregarding potential varying differ-
entiation and maturation times of the different types 
of tissues. As depicted in Figure 3A, the previously 
discussed aspects result in a significant decrease in 
the overall chance of functionality of the multi-organ 
device with an increasing number of integrated organs.

To overcome the limitations brought along with 
static and semistatic multi-organ integration concepts, 
we envision the future of multi-organ platforms to lie 
in the application of a ‘mix-and-match’ toolbox provid-
ing single-organ compartments capable of being com-
bined to be tailored to a specific application. For exam-
ple, when testing a cardiac drug candidate, essential 
organ systems to be involved in drug testing could be 
the gut, the liver and the heart. The fundamental idea 
behind the toolbox system is flexibility. It is achieved 
by enabling the coordination of organ compartment 
connection on different levels: in advance to drug test-
ing, individual organ compartments are independently 
prepared according to tissue-specific requirements, 
involving distinct culture conditions, media and mat-
uration times. Upon maturity, the individual organ 
systems will be connected to establish the multi-organ 
chip and perform the desired experiment.

In the following, we will elucidate in greater detail 
why, and how, flexible modular multi-organ integra-
tion leads to more stable and viable networks compared 
with semistatic and static approaches.

Redundancy capacity
Flexible integration approaches offer a redundancy 
capacity as outlined in Figure 3B. If one of the organ 
compartments fails, the defect organ compartment 
can easily be replaced when several single-organ chips 
of one tissue type are cultured in parallel previous to 
assembly.

Based on these circumstances, the flexible multi-
organ toolbox theoretically assures a full, constant 
functionality regardless of how many organs are 
involved into the system (Figure 3A). Given the coor-
dinated maturity of the systems as well as the bypass 
function for defective organ compartments, flexible 
multi-organ networks are less predisposed to the previ-
ously discussed challenges provoked by increased com-
plexity. However, the conjunction of individual single-
organ compartments to the complete multi-organ 
network raises a few obstacles due to possible failure of 
connector design and performance; hence, we suppose 
the overall integrity of flexible multi-organ systems 
in praxis to be slightly diminished with increasing 

Figure 3. The concept of flexible multi-organ systems. (A) A comparison of the success rates of multi-organ networks set up according 
to the three different multi-organ integration concepts. Flexible multi-organ devices theoretically achieve a 100% functionality, 
irrespective of an increasing number of interconnected organs. In reality, however, we suspect the connectors in between the single-
organ compartments to be a minor source of error. Hence, the slight decrease of flexible multi-organ functionality will be caused by 
the quality and the number of connectors in between the individual organ compartments. In comparison, the success rates of static 
and semistatic multi-organ systems are significantly lower and diminish with increasing number of interconnected organs. (B) The 
concept of the proposed flexible ‘mix-and-match’ multi-organ tool box intends on preculturing the required single-organ systems 
separately, and in a parallelized, redundant manner. Upon maturity of all systems, the single units will be connected. By bypassing 
defective single-organ systems, the performance of the resulting multi-organ system is maintained at its highest level.
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cess rates of those systems. The predefined geometry 
of the microfluidic chips housing several organ com-
partments entails two substantial problems: first, the 
failure of one of the integrated organ chambers conse-
quently and inevitably leads to deficiency of the com-

plete multi-organ system. Second, the fact that culture 
medium is shared via the connected fluidic network at 
all time points, from cell/tissue loading until comple-
tion of the experiment, limits the tissues’ maintenance 
due to restrictions in tissue-specific culture medium 

Figure 2. General approaches for the integration to multi-organ devices. (A) Static systems: multiple tissues are 
integrated into a single device connected to each other. (B) Semistatic systems: tissues are interconnected via a 
fluidic network with Transwell®-based tissue inserts. (C) Flexible systems: individual organ/tissue specific platforms 
are joined together using flexible microconnectors. 
(A) Reproduced with permission from the Royal Society of Chemistry [38]; (B) Reproduced with permission from 
the Royal Society of Chemistry [41].
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B Y  S A R A  R E A R D O N

Researchers who are developing miniature 
models of human organs on plastic chips 
have touted the nascent technology  

as a way to replace animal models. Although 
that goal is still far off, it is starting to come  
into focus as large pharmaceutical compa-
nies begin using these in vitro systems in drug  
development.

“We are pretty excited about the interest we 
get from pharma,” says Paul Vulto, co-founder 
of the biotechnology company Mimetas in 
Leiden, the Netherlands. “It’s much quicker 
than I’d expected.” His company is currently 
working with a consortium of three large 
pharmaceutical companies that are testing 
drugs on Mimetas’s kidney-on-a-chip. At the 
Organ-on-a-Chip World Congress in Boston, 
Massachusetts, last week, Mimetas was one 
among many drug and biotechnology firms 
and academic researchers showing off the  
latest advances in miniature model organs 
that respond to drugs and diseases in the same  
way that human organs such as heart and  
liver do.

“We’re surprised at how rapidly the tech-
nology has come along,” says Dashyant 
Dhanak, global head of discovery sciences 
at Johnson & Johnson in New Jersey, which 

announced last month that it would use a 
thrombosis-on-chip model from Massa-
chusetts biotechnology firm Emulate to test 
whether experimental and already-approved 
drugs could cause blood clots.

Proponents of organs-on-chips say that 
they are more realistic models of the human 
body than are flat layers of cells grown in Petri 
dishes, and could also 
be more useful than 
animal models for 
drug discovery and 
testing. A lung-on-
a-chip, for instance, 
might consist of a 
layer of cells exposed 
to a blood-like medium on one side and air 
on the other, hooked up to a machine that 
stretches and compresses the tissue to mimic 
breathing.

But while some companies are developing 
chips to mimic diseased organs, most are still 
testing whether existing drugs behave in the 
chips as they do in healthy human tissues. 
And chips or not, any new drug must first 
be tested in healthy humans for safety, says 
James Hickman, a bioengineer at the Univer-
sity of Central Florida in Orlando. Using an in 
vitro organ might help to eliminate or shorten  
this step.

The chips could also help companies to pin-
point the dose of a drug that is both effective 
and safe, says Matthew Wagoner, a drug-safety 
scientist at AstraZeneca in Waltham, Massa-
chusetts. If regulators accept such data, the 
method might eventually allow companies to 
skip the portion of a clinical trial that tests a 
wide range of drug doses on patients.

Other researchers are eager to use organs-
on-chips to illuminate differences between 
animal models and humans. Adrian Roth, 
head of in vitro safety research at Roche in 
Basel, Switzerland, says that such comparisons 
were useful when one of Roche’s experimen-
tal drugs was found to cause liver tumours in 
rats. Roche used data from in vitro models of 
human and rat livers to argue that the mecha-
nism causing the liver tumours was unique 
to rodents and should not prevent studies in 
humans.

But some users are concerned that the hype is 
getting ahead of reality. The danger, Roth says, 
is that companies will abandon the technology 
if it fails to live up to inflated expectations, as 
has happened with the use of genomics for per-
sonalized medicine. “As a pharma company, 
you have to be very pragmatic,” he says, and not 
expect the chips to replace animals all at once.

There is reason to be hesitant. Many present-
ers at the Boston meeting validated their model 
organs by showing that they responded to drugs 
in the same way that a human organ does. A 
model heart might be tested to see whether 
it speeds up after a dose of adrenaline, for 
instance. But such tests do not capture anything 
like the full complexity of organ function, and 
chips may struggle to recreate aspects of func-
tioning that are governed by complex signals 
from, say, the endocrine and immune systems.

Even testing a known drug in a system that 
hitches multiple organ chips together might 
be difficult to validate, Roth adds, because 
researchers might not know what to look for. 
The potentially toxic effect of the painkiller 
paracetamol on the liver, for instance, is well 
characterized, but less is known about how 
other organs respond to the drug.

Nevertheless, many pharmaceutical  
companies say that organs-on-chips are now 
sufficiently advanced to justify investment in 
their use and refinement. “We think it’s impor-
tant to be involved,” says Michelle Browner, 
senior director of platform innovation at 
Johnson & Johnson. Only that way can the 
technology be developed in line with what the 
company needs, she says.

And government regulators are also inter-
ested. This autumn, the US National Center 
on Advancing Translational Sciences (NCATS) 
in Bethesda, Maryland, will bring together 
academic scientists, pharmaceutical compa-
nies and regulators to discuss the chips’ use. 
NCATS is also funding 11 research teams, each 
of which is developing a different organ or  
system that will eventually be linked together 
to build an entire ‘body-on-a-chip’. ■

Miniature devices that mimic human organs could help to replace animals used in drug testing.

B I O T E C H N O L O G Y

‘Organs-on-chips’ 
go mainstream
Drug companies put in vitro systems through their paces. 
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As the integration of microfluidics into cell biology research proceeds at an ever-increasing pace,

a critical question for those working at the interface of both disciplines is which device material to use

for a given application. While PDMS and soft lithography methods offer the engineer rapid

prototyping capabilities, PDMS as a material has characteristics that have known adverse effects on

cell-based experiments. In contrast, while polystyrene (PS), the most commonly used thermoplastic for

laboratory cultureware, has provided decades of grounded and validated research conclusions in cell

behavior and function, PS as a material has posed significant challenges in microfabrication. These

competing issues have forced microfluidics engineers and biologists to make compromises in how they

approach specific research questions, and furthermore, have attenuated the impact of microfluidics on

biological research. In this review, we provide a comparison of the attributes of PDMS and PS, and

discuss reasons for their popularity in their respective fields. We provide a critical evaluation of the

strengths and limitations of PDMS and PS in relation to the advancement and future impact on

microfluidic cell-based studies and applications. We believe that engineers have a responsibility to

overcome any challenges associated with microfabrication, whether with PS or other materials, and

that engineers should provide options and solutions that assist biologists in their experimental design.

Our goal is not to advocate for any specific material, but provide guidelines for researchers who desire

to choose the most suitable material for their application, and suggest important research directions for

engineers working at the interface between microfabrication technology and biological application.

1. Introduction

The development of microscale systems for both fundamental

and applied research in cell biology has experienced significant

growth and advancement in recent years.1–3 The rapid progress in

this area can be partially attributed to increased functionality

combined with the small scale of these systems, which offers the

advantage of lower volumes, reduced consumption of reagents

and potential for increased throughput. For cell-based applica-

tions specifically, microscale systems offer a physical scale well

suited for studying cells in spatially and temporally controlled

microenvironments.4–7 This has importantly led to new advanced

methods for probing and understanding cells and their proper-

ties, including cell morphology and motility, biomechanical

forces, and complex biophysical and biochemical cell-cell inter-

actions (Fig. 1).8–12 In particular, the size of microscale systems

are naturally suited for studying cells of limited availability, such

as from primary patient samples.13–15 Microscale systems have

thus provided new insights into cell behavior and function, and

have enabled us to tackle complex biological questions that were

once inconceivable with conventional platforms.

The current pace of research in the development and appli-

cation of microscale systems for cell biology has also been

facilitated by an increasing number of collaborations between

engineers and biologists that are vital to the scientific research

enterprise. The interdisciplinary nature of this field necessitates

collaborative efforts to advance ideas from concept to assay

development and validation, and ultimately to implementation

and application (Fig. 1). While many of these collaborations

have been successful in advancing science and technology,

microscale systems, to a large extent, have not penetrated the cell

biology research community, and have yet to become widely

accepted platforms for studying cell biology. This is partly

attributable to the fact that communication between biologists

and engineers continues to be somewhat hindered by subtle yet

critical differences between their respective research cultures. The

natural tendency of researchers to choose conventional and

proven methods rather than novel and potentially more effective

methods, which may contain a degree of uncertainty, amplifies

this divide.

In the case of microfluidic cell-based systems, this ‘‘clash of

cultures’’ has occurred between biologists and engineers over

material selection for microdevice fabrication. Microfluidics
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