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disease models3
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The concept of ‘‘Organs-on-Chips’’ has recently evolved and has been described as 3D (mini-) organs or

tissues consisting of multiple and different cell types interacting with each other under closely controlled

conditions, grown in a microfluidic chip, and mimicking the complex structures and cellular interactions in

and between different cell types and organs in vivo, enabling the real time monitoring of cellular

processes. In combination with the emerging iPSC (induced pluripotent stem cell) field this development

offers unprecedented opportunities to develop human in vitro models for healthy and diseased organ

tissues, enabling the investigation of fundamental mechanisms in disease development, drug toxicity

screening, drug target discovery and drug development, and the replacement of animal testing. Capturing

the genetic background of the iPSC donor in the organ or disease model carries the promise to move

towards ‘‘in vitro clinical trials’’, reducing costs for drug development and furthering the concept of

personalized medicine and companion diagnostics. During the Lorentz workshop (Leiden, September

2012) an international multidisciplinary group of experts discussed the current state of the art, available

and emerging technologies, applications and how to proceed in the field. Organ-on-a-chip platform

technologies are expected to revolutionize cell biology in general and drug development in particular.

Introduction

Recently an exciting new multidisciplinary scientific field has
been developing around the concept of organ-on-a-chip
enabling the development of novel in vitro organ and disease
models. Organ-on-a-chip can be defined as the cell culture-
based creation of 3D organs or tissues in mini-format, which
uniquely mimic their in vivo counterparts–be it smaller sized.
The engineered tissues consist of multiple different cell types
adjacent to and interacting with each other under closely
controlled conditions, and are grown in a microfluidic chip.
These controlled conditions make it possible to mimic the
complex structures and cellular interactions within and
between different cell types and organs in vivo, and keep the
culture viable over long periods of time. Together with full
microscope compatibility this approach allows the real time
monitoring of cellular processes taking place in the organ-on-
a-chip model. Early examples are ‘‘lung-on-a-chip’’, ‘‘intestine-
on-a-chip’’, ‘‘lymph node-on-a-chip’’ and ‘‘vasculature-on-a-
chip’’, which have been used to study physiology and
pathophysiology, to discover drug targets, develop drugs, and
find novel ways to deliver drugs.1–4

A number of highly interesting and multidisciplinary
scientific developments have evolved and matured during
the past decade, which together make it possible to rapidly
develop the organ-on-a-chip field into a unique technology
platform for creating in vitro human organ and disease
models.5 More or less simultaneously with the first organ-on-
a-chip developments, stem cell technology matured towards
the increasing use of induced pluripotent stem cells (iPSC) as
model systems.6 This made it possible to establish in an easy
and non-invasive manner a stem cell line from any individual,
either healthy or a patient, for the first time allowing the
capture of the genetics behind individual human character-
istics and diseases in a stem cell line. Ethical issues associated
with embryonic stem cells have disappeared, however other
issues, like privacy and the use of iPSC lines for commercial
applications remain to be solved. The unique characteristic of
these iPCS stem cells is that, given the right culture protocols,
they can be induced to differentiate into most cell types
making up the human body.7 Such specific differentiation
protocols have been, and are still being, developed at a rapid
pace, already enabling a wide range of cell types to be reliably
produced. Banks of iPSC stem cell lines from patients with a
variety of diseases, as well as from a range of normal
individuals, are being generated in Europe and elsewhere
and are available for research use.

Another revolutionary development of roughly the past
decade, relevant to the organ-on-a-chip field, was initiated
around 2000 when the human genome was sequenced.
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Functional knowledge of genes and the proteins they code for
has rapidly increased ever since. Powerful genome-analyzing
tools like DNA sequencing have come of age and already
revealed the genetic background behind a multitude of
diseases. Biotechnology approaches have been developed to
modify the genetic content of cells in a controlled manner, and
powerful tools to investigate biochemical processes in living
cells and for example identify the progeny of a single cell in a
living organism have been developed.8,9

Finally, microfluidics technology has undergone rapid
developments in the past decade, influenced by the initial
pioneering with cell culture inside microfluidic channels
combined with exploring new biocompatible and responsive
substrate and scaffold materials.10

Combining these developments in biotechnology, genomic,
and iPSC stem cell technologies, microfluidics, microfabrica-
tion and chemistry/engineering, carries the promise to for the
first time create truly human three dimensional (3D) organ
and disease models. These can be based on human genetics,
as the cells making up the miniaturized tissues will be derived
from iPSC stem cell lines obtained from patients or normal
individuals. The models are expected to be both reproducible
and scalable to higher throughputs for drug toxicity screenings
and drug development uses.

The need for human organ and disease models

Currently organ and disease models exist in the form of
relatively standard and simple cell culture protocols or a
variety of animal models. Aside from many ethical issues
associated with animal experiments, these conventional model
systems often do not adequately represent human diseases or
organ functions, which is a substantial cause for late (and
expensive) drug failure. With empty pipelines and the ever
increasing costs of drug development, pharmaceutical com-
panies are in need of more representative model systems,
especially for organs and diseases that are so typically human
that no representative model (and sometimes drug!) exists at
all. Just a few examples are many genetic diseases, especially
diseases with a complex genetic background, neurological
diseases (e.g. amyotrophic lateral sclerosis), diseases with an
auto-immune component and nearly all types of cancer. We
envision that on the horizon, human organ and disease
models-on-chips may even be able to replace part of (early)
clinical trials, by supplying a wide range of different genetic
backgrounds in the format of organ-on-a-chip models on
which drug compounds can be tested for toxicity and
effectiveness. The FDA regulatory authority in the US is already
anticipating these developments.

The Lorentz workshop Organs-on-Chips11

The Lorentz workshop was organized to bring together a
multidisciplinary group of experts and pioneers in the field of
organ-on-a-chip to discuss the state of the art as well as the
expected new developments. It included topics like the
definition and purpose of ‘‘organ-on-a-chip’’, different avail-
able human cell sources and their respective opportunities
and challenges, 2D versus 3D culture, the various chip,
microfluidics, microfabrication and tissue engineering

approaches and how to make optimal use of them, the
required signal readout technologies, low versus high through-
put model systems, and finally the main applications and
challenges for the future.

Human organ tissue and disease models as
organ-on-a-chip: the research challenge

One major challenge in developing an organ-on-a-chip is to
reliably and reproducibly produce different cell types from
human sources with different (known) genetic backgrounds,
grow the cells together to build 3D ‘‘organ’’ structures, and to
enable the measuring and monitoring of (patho)physiological
interactions between different cell types, including immune
cells, within the defined environment of a chip–all of course
under sterile conditions. This would need to be sustained
while the cells remain viable over long periods to allow
‘‘normal’’ cell differentiation and development of normal
tissue architectures and disease, and to measure for example
the effect of the administration of a drug compound. In
addition, the experimental configuration of the chip should be
fully microscope compatible and allow cellular responses to be
measured in real time and in a quantifiable manner. In
addition, for pharmaceutical purposes, like drug toxicity
screening or drug target discovery and drug development, in
general organ-on-a-chip model systems should be medium to
high throughput, meaning that the screening of thousands of
compounds simultaneously is possible, while results should
be highly reliable and reproducible.

Tackling these challenges requires a multidisciplinary and
translational approach, and will need expertise ranging from
physics, chemistry and engineering to biology, disease
pathophysiology and the clinic, and ultimately close collabora-
tion with pharmaceutical companies and regulatory autho-
rities to implement use of the model systems.

Human cell sources: tissue slices, primary
cells, cell lines or stem cells

In principle all cell sources, whether primary tissues or cells or
in the form of cell lines, from animal or human origin, can be
useful for the organ-on-a-chip approach, the choice depending
on the research question asked. However, recent advances in
the human stem cell field offer unique and unprecedented
opportunities to develop human organ tissue and disease
models. Organs like the brain and the immune system are
typically human, which is why representative in vitro or animal
model systems are lacking for many human neurological
diseases and for diseases with an immune component, which
range widely from auto-immune diseases to cancer. For
example, the controlled interaction between specific immune
cells and a target organ tissue is expected to be important to
model many pathophysiological disease processes in vitro
(DI12). In addition, the development and progress of a disease
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is usually influenced by the complex genetic background of the
patient. Thus the development of an ideal in vitro model
systems requires a human cell source, with inherent genetic
mutations and variations.

The past decade has witnessed important developments in
the stem cell field, with respect to human embryonic (hES),
induced pluripotent (iPSC) and adult stem cells.6 Stem cells
may make it possible to derive different cell types, for example
immune cells and lung epithelial cells from the same stem cell
line, and thus with the same human genetic background. This
is important for applications in organ-on-a-chip when differ-
ent cell types need to interact with each other to recreate a
specific disease with a genetic component, while in case the
immune system is involved in mimicking the disease,
immunological rejection reactions need to be avoided. When
could hES- and when iPSC-derived cells be used in an organ-
on-a-chip model? Some diseases are caused by a single gain-of-
function gene mutation. In those cases it is possible to
introduce the specific disease-causing mutation into a stem
cell line by homologous recombination, resulting in the
availability of two human cell lines which only differ with
respect to the disease-causing mutation in one of them. For
this purpose both stem cell sources can in principle be used.
On the other hand, for diseases due to a loss-of-function
mutation which can be present in any part of the gene, or
diseases associated with a complex genetic background, this
approach is not possible. In those cases an iPSC cell line
derived from a patient needs to be used, and ‘‘becomes the
patient’’ - on a chip.7

Since an iPSC cell line can be relatively easily generated, for
example from a simple skin biopsy, large libraries (‘‘banks’’) of
cell lines from individuals with all kinds of diseases with a
genetic background, as well as from ‘‘normal’’ individuals, are
being created, for example in Europe (e.g. the Wellcome Trust,
UK) and in the US (NIH and CIRM) (CM12). In the near future
these pluripotent stem cells are expected to become available
for any disease, in principle providing the opportunity to
recreate the disease in vitro, given the right circumstances and
time needed for the disease to develop. With this, the basic
framework is being laid down enabling future ‘‘clinical trials
on chips’’. On the other hand working with pluripotent stem
cells, either hES or iPSC, still represents a challenge and
requires a lot of dedication, experience and expertise. To
maintain the original genetic background, stem cell culturing
should always be extremely well controlled to avoid chromo-
somal abnormalities, mutations, or changes in DNA methyla-
tion patterns emerging in the cultured cells (JW,CM12). Also,
except for a number of relatively ‘‘easy’’ cell types, like for
example cardiomyocytes, it is often not yet possible to
differentiate stem cells towards the required cell type. And
even in the case of cardiomyocytes, fully mature heart cells
cannot yet be obtained, as is the case for other stem cell
derived cell types (CM, KP12). Developing reliable protocols for
controlled and efficient stem cell differentiation is challenging
but has a high priority, and requires the discovery of optimal
combinations of biochemical and physical cues and specific

cell–cell interactions, along a timeline to recapture the
developmental processes going on in the embryo–but pre-
ferably at a faster rate. For adult multipotent progenitor cells
as the stem cell source, instead of pluripotent cells, this is
actually quite similar, except that the first developmental steps
can be skipped. Clearly, a detailed knowledge of embryonic
development is of high value and should be used in the
rational development of stem cell differentiation protocols
(JW12).

Stem cell differentiation protocols

Developing reliable and reproducible differentiation protocols
for stem cells requires the standardization of culture condi-
tions and of the iPSC (or hES) cell lines used as cell sources.
Recent efforts in the regenerative medicine area have already
led to the development of serum-free defined cell culture
media.13,14 However, the standardization of iPSC cell lines
with respect to the technique used to derive the cell line from
the adult cell source, characterization of the stem cells with
respect to pluripotency, differentiation potential, culture and
specific differentiation protocols, is a complex and not yet
resolved issue. In the hES field, a successful international
standardization project was undertaken somewhat less than
decade ago in which internationally available hES cell lines
were characterized using exactly the same reagents and
protocols, and entered into a common database.15 A similar
approach will probably be taken in the near future for iPSC cell
lines (CM12). Until that time one will need to be aware of the
fact that individual iPSC lines may differ in pluripotency
capabilities for example, or may have acquired culture-induced
chromosomal or other genetic abnormalities.16

The differentiation of stem cells can be directed towards a
required cell type by adding one or more biochemical factors,
sometimes sequential, over controlled time periods, and by
providing spatial cues in a 3D culture, for example during
spheroid culture or in a specific controlled co-culture setting
with another cell type. In addition to biochemical stimuli,
mechanical cues are also now thought to be involved in many
differentiation and cell maturation steps, both in the embryo
as well as in vitro, and this research area deserves more
attention and exploration. In the case of cardiomyocytes, cyclic
stretch and electric stimulation are thought to be important
for full maturation,17,13 however the right conditions for this
remain to be defined (KP12).18 Similarly, stiffness parameters
may play an important role in the proper functioning of stem
cell niches, like for skin and muscle, where the activation of
intracellular signal transduction is regulated by the stiffness of
the substrate to which the cells are attached (HB12) (Fig. 1).19,20

Gaining knowledge on the effects of mechanotransduction on
cell differentiation is of high interest, and the function of cell
membrane receptors, like integrin, Wnt and TGFbeta receptors
which are responsive to mechanical stimuli, needs to be
investigated and characterized for different cell types (CM12).

Embryoid bodies

One approach to recapitulate the developmental process in the
embryo in vitro is through the aggregation of stem cells under
non-adhesive culture conditions (for example a hanging drop
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method) into so-called embryoid bodies, where cells interact
with each other to form the three embryonic germ layers
(endoderm, mesoderm and ectoderm) which form the basis of
more organ specific differentiation processes. Both the size
and microenvironment of embryoid bodies are important
determinants of the differentiation processes which take place
inside the embryoid body. While small aggregates were shown
to differentiate towards endothelial cell type, larger aggregates
formed predominantly cardiac cells.22 The asymmetric appli-
cation of specific matrices on the two sides of an embryoid
body resulted in asymmetrically organized spatial differentia-
tion, which more closely resembled early embryonic develop-
ment.23

2D versus 3D culture, spheroids, organoids

As already touched upon, mimicking embryonic development
is important in differentiating pluripotent stem cells or adult
stem cells in the required direction. Cells behave very
differently when cultured in a 2D compared to a 3D
environment, measured by differences in gene expression
patterns, epigenetics and cell function. Controlled 3D cultures,
in the form of self-assembling spheroids or organoid
structures, are a possible means to recapture some essential
developmental differentiation steps. During normal organ
development in the embryo, when differentiation to specia-
lized organ cell types occurs, timed interactions between
epithelial and mesenchymal cell types, as well as epithelial–
mesenchymal and mesenchymal–epithelial transition (EMT
and MET) processes, play important roles.24,25 At least some of
these cell–cell interactions are probably part of the successful
formation of self-assembling organoid structures in a 3D
culture setting. Example cases are organoid intestinal crypt-
villus structures and hair follicles (GL,HC12) (Fig. 2 and 3).
Primitive hair follicles develop through the initial formation of
spheroids, spatially distributed by the aggregation of a
relatively constant number of individual dermal papilla cells,
followed by keratinocytes self-assembling into the outer
coating of the spheres, enabling the necessary epithelial–
mesenchymal cell interactions for hair follicle development.26

Similarly, the self-assembly culture of intestinal crypt-villus
organoids in 3D matrigels is very much improved by coupling

an intestinal (LGR5 positive) stem cell to a Paneth cell.27,28

Based on the same principle, other organoids can be grown
from LGR5 positive stem cells from prostate, lung, liver,
pancreas, colon and stomach (HC12). Liver cell spheroids can
be efficiently cultured by 3D co-culturing of primary human
hepatocytes with human adipose tissue-derived stem cells
(hADSCs) using microwell arrays.29 Many of these models can
be used for drug toxicity screening purposes as well as for
future regenerative applications, and serve as the basis for the
development of disease models (HC12). iPSC cells can also be
used to obtain gut-like organoid structures by inducing
endodermal differentiation, followed by a Wnt–FGF gradient
to differentiate cells towards either foregut, midgut or hindgut
intestinal epithelium (JW12).30 Using this approach a model for
cystic fibrosis is being developed, using iPSC cell lines from
patients with this genetic disease. A similar approach has been
successful in obtaining enteroendocrine cells, relevant for
diabetes research.31 Though clearly an improvement over
standard 2D cultured models, a disadvantage of these types of
3D culture is that in their current format these models are
difficult to translate to a high throughput system (ST12).

Organ- and disease-specific cell types

Common cell types like fibroblasts and endothelial cells which
form an important integral part of every organ are now being
recognized as having organ- and also disease-specific char-
acteristics, as assessed for example by expression profiling
studies (RH12). Examples are the liver capillary endothelium,
the glomerular endothelium in the kidney and alveolar
endothelium in the lung, and dermal and cardiac fibroblasts.
As an example for disease specific characteristics, it is well
established that fibroblasts and endothelial cells in cancer
tissue differ significantly from their counterparts in normal
tissues.33 For organ-on-a-chip models it can be very important
to have the right type of endothelial and fibroblast cells
incorporated, for example a dermal fibroblast to provide a
model for skin-on-a-chip with elastic properties (RH12). To
derive such specialized endothelial or fibroblast cells, con-
trolled co-cultures with organ-specific differentiated cells may
be required, although cell–cell combinations may not always
be the same as those found in embryonic development (CM12).

Fig. 1 Substrate rigidity regulates muscle stem cell self-renewal in culture. A biomimetic biomaterials approach in conjunction with functional assays in mice
demonstrated that muscle stem cell (MuSC) self-renewal can be maintained in culture if cells are propagated upon a substrate that reproduces the mechanical
properties of the native skeletal muscle tissue, a physical property of the stem cell niche. Pliant culture substrates enabled propagation of additional Pax7 (green)
expressing MuSCs and improved survival (middle), while culture on softer (left) or stiffer (right) matrices decreased cell survival (gray) and promoted differentiation
(reproduced from ref. 21).
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Chip technologies

In a conventional cell culture incubator culture conditions are
the same for all cultures in the incubator, while in vivo
variables like O2 concentration and humidity may differ
between tissues, depending on physiological or pathophysio-
logical conditions. Skin is a good example where keratinocytes
form the skin component which is exposed to low humidity air
instead of a culture medium. Cancer is another example where
cells in the tumor are exposed to hypoxic conditions. One of
the key features which makes the concept of organ-on-a-chip
so attractive is that by providing a micro-incubator setting for
one or more cell or tissue types on the chip, such specific in
vivo conditions can be very well mimicked in vitro. This also
enables culture over a longer time frame than is possible
during conventional culture. Microfluidic systems built in the

chip allow a controlled perfusion with one or more fluids, and
may provide connections between different culture chambers.
All kinds of 2D or 3D culture substrate materials can be
incorporated into the chip. The use of ‘‘standard’’ silicon
processing techniques allows a relatively simple integration of
sensor functions or electrodes.

The chip itself allows an endless variety in design. Some
important aspects to consider are microscope compatibility,
permitting (real time) analysis of the organ tissue, one or more
microfluidic connections to flow culture medium or other
solutions (for example containing immune cells) over or
through the cell culture, sterility of the culture chambers
and microfluidics connections, ease of seeding cells at specific
locations, chip production ease and cost, and options for
higher throughput devices (Fig. 4). One example is a
microfluidic system for primary blood vessel models on a

Fig. 2 An inducible organoid transduction system. (a) General outline. (b) Vector scheme for the inducible overexpression and knockdown cassettes. LTR, long
terminal repeat; puro, puromycin-resistance pac gene. (c) The micrographs show intestinal organoids transduced with the dsRed–eGFP-containing retroviruses before
and after 4-OHT treatment. The dotted line outlines the central lumen with autofluorescence. Scale bars, 100 mm (reproduced from ref. 32).
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chip enabling comprehensive assessment of the structure and
function of intact blood vessels, as well as the investigation
and quantification of transendothelial transport under phy-
siological conditions (AG12).34 In this primary tissue approach,
animal blood vessel parts are manually isolated, introduced in
microfluidic channels and reversibly fixated for perfusion
(luminal side) and superfusion (abluminal side). Cellular
processes, like intracellular calcium signalling, can be imaged
real time while assessing vasomotor responses (vessel con-
striction or dilation) (Fig. 5). In 2013, the artery-on-a-chip

platform will be available as one of the first organ-based
commercial products from Quorum Technologies (http://
www.quorumtech.com/home). Ongoing research in the
Günther lab focuses on assessing transendothelial transport
of molecules and cells.

For organ-on-a-chip models involving electrically active
cells like neurons, cardiomyocytes and muscle cells, the
Cytostretch platform has been developed at the Delft
University of Technology in collaboration with Philips
Research.35 Cytostretch consists of a thin stretchable PDMS
(polydimethylsiloxane) membrane with 3D micropatterned
grooves for cellular alignment and integrated stretchable
electrodes to pace cells as well as record the cellular electrical
activity during cell stretching (up to 50%) at a controlled
frequency (Fig. 6).

The PDMS-based organ-on-a-chip platform developed at the
Wyss Institute, consists of two sterile fluidic compartments
separated by a porous flexible membrane that can be
mechanically stretched at specified strains and frequencies
by applying a cyclic suction to hollow side chambers in this
flexible device (Fig. 7) (DI12). Cells can be grown on both sides
of the membrane to recreate the critical tissue–tissue inter-
faces that form the basis of most living organs. This platform
was used to mimic the pulmonary alveolar epithelial–capillary
vascular endothelial cell interface to mimic the major
functional lung element, the alveolar–capillary interface. By
flowing air over the epithelium and flowing culture medium,
with or without primary human white blood cells, over the
capillary endothelium, the Wyss Institute team was able to
mimic complex organ level function, including the vascular
barrier and gas transport, as well as inflammatory responses
and absorption and toxicity responses to airborne nanoparti-
culates. This ‘‘Lung Chip’’ has also been used to develop a
human disease model of pulmonary edema (‘‘fluid on the
lungs’’) to mimic the toxic side effects of the cancer
chemotherapeutic drug, Interleukin-2, and demonstrate the
efficacy of new drugs that prevent this life-threatening side
effect.2,37 The same platform has also been applied to create a
mini-gut by seeding human Caco-2 intestinal epithelial cells,
originally isolated from a colon carcinoma cell line, on the

Fig. 3 Formation of functional neopapillae. Dermal papilla cells form conden-
sates on a low attachment substrate. At day 7 of the condensation process the
aggregation of cells is much more dense and the formation of the extracellular
matrix (ECM) become visible. (A) DP condensation after 48 h and (B) 7 days.
After adding keratinocytes and melanocytes to the culture medium, a loose
attachment to the neopapilla was observed (C). Polarisation of the early
aggregate (D). Assembly, orientation and sheath formation (E). Microfollicle
with fiber production (F). Scanning electron microscopy (SEM) images (G–L)
taken from an ECM coated neopapilla (G), a polarized microfollicle with an
arrangement of epithelial cell clusters above the mesenchymal condensation
(H), a microfollicle with guided outgrowth and differentiation of root sheaths (I),
and a fiber producing microfollicle (J). (K) shows a cuticle sheathed hair from a
human villus hair follicle, whereas (L) represents a 1800 6 times magnified
image of a microfollicle hair shaft (reproduced from ref. 26).

Fig. 4 Example of a microfluidic chip, manufactured from a polymer material.
Cells and tissue can be grown in micro-incubation chambers, connected by
channels in which liquids can be pumped in a controlled manner. Pressure in the
chip can be regulated through pneumatic control. Cellular processes can be
monitored live and in real time since the chip is microscopy compatible.
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PDMS membrane, and simulating intestinal peristaltic con-
tractions and trickling flow through the intestinal lumen.
Interestingly, the cyclic stretching of the cell layer resulted in
the differentiation of these cells to form villus-like structures,
which support the culture of living gut microbes, a differentia-
tion process which was not seen in the absence of mechanical
stimulation.38 These human lung- and intestine-on-a-chip
models demonstrate the crucial importance of recreating the
appropriate physical organ microenvironments in order to
recapitulate human organ-level functions and disease condi-
tions.

The group of Uwe Marx (with Reyk Horland) was among the
first to explore the possibilities of multi-organ models. The
model for a ‘‘human lymph node’’ on a chip enables the
assessment of the toxic immune reaction (called a cytokine
storm) to specific drugs and has already been commercialized
(RH12).1 A multi-organ-chip platform was developed specially
for the long term culture and maintenance of multiple
different mini-organs or organoids on one chip. In such a
chip organ tissues are perfused using an artificial micro-
fluidics circulation, which connects the different tissue
chambers. Seeding microfluidic channels with endothelial
cells is being explored as a means to introduce capillary
vascularization in the organ tissue. This type of multi-organ
platforms is especially suited for drug toxicity screening
(Fig. 8).39,40

An innovative early mammary ductal breast cancer model
was created by branched PDMS microchannels and made
using soft lithography, in which human breast cancer cells are

grown in a 3D setting (JL12) (Fig. 9).41 The model was used to
test new strategies for intraductal nanomedicine treatments
(JL12).

Several compartmentalized microfluidic chips have been
designed by the group of Takayama to mimic kidney, lung,
and the blood-brain barrier and to study chemotaxis and
cancer metastasis (ST12) (Fig. 10).42 A porous polyester
membrane sandwiched between two PDMS layers with on
both sides a microfluidics channel enabling controlled
perfusion, has been developed to investigate the cell-endothe-
lial adhesion processes as part of the metastatic process.43

Albert van den Berg presented a model system in which
endothelial cells can be cultured in PDMS microchannels with
varying inner diameters to simulate the narrowing of blood
vessels (Fig. 11).45

Materials and the cellular microenvironment

Conventionally cells are cultured on culture plastic, but in
recent years evidence has accumulated that cell function and
behavior is not only influenced by biochemical factors but also
by physical cues in the microenvironment of the cell,
especially stiffness and geometry of the substrate and tensions
on and stretching of the cells.

Cancer is one example case where recent evidence points to
a role for increased stiffness of the extracellular matrix in
disease progression and metastatic behavior (VW12).46 As an
example the effect of the extracellular matrix stiffness in the
muscle stem cell niche on muscle regenerative potential was
shown by Helen Blau (Fig. 1).20 Multiple workshop partici-

Fig. 5 Artery-on-a-chip. (a) Schematic representation of an artery segment for the measurement of the transendothelial resistance. (b) Schematic representation of
the chip containing a microchannel network, an artery loading well and an artery inspection area. (c–e) Illustrations show reversible procedures for artery segment
loading, fixation and inspection. The scale bar in (c) is 500 mm long (reproduced from ref. 34)
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pants showed evidence for how the geometry of the micro-
environment determines the shape of the cells, and how cell
shape, together with stiffness and tension influences cell
function (KP, CB, TS, FW12).47 Kit Parker demonstrated how
the geometry-induced form of (rat) cardiomyocytes influenced
the aligned coupling of sarcomeres in the heart cell.47,48 Fiona
Watt showed how different cell anchoring distances affect cell
fate and the differentiation of human epidermal stem cells.19

With this realization came the incentive to develop
substrates which mimic better the in vivo microenvironment
(and geometry) of the cells to be cultured. Originally driven by
the tissue engineering field with the purpose of regenerative
medicine, many different 2D and 3D cell seeding surface and
scaffold materials for organ-on-a-chip are now available, both
synthetic and ‘‘natural’’, and with different stiffnesses and
geometrical surface designs. Many have been explored in
organ-on-a-chip devices and can be relatively easily manufac-
tured and used, some of them even in a standard biology lab
environment. PDMS is probably the most used and versatile
fully biocompatible and oxygen permeable substrate, which
can be produced using microfabrication or injection moulding
techniques in different thickness and stiffness grades. If
needed, PDMS can be mass-manufactured using injection

moulding. If a clean room is available, micro-and nanopat-
terns (using E-beam lithography) can be added, enabling for
example the alignment of cells in specific directions or
enforcing a specific cell shape (KP,TS12). An important
property is its transparency, allowing for optical inspection.
Also, the flexible nature of PDMS makes it possible to apply
strains and forces to cells and tissues by stretching the PDMS,
e.g. using a pneumatic device. PDMS stiffness is less than that
of culture plastic, however for specific applications, softer
substrates like PEG polymer, polyacrylamide gels or
PuraMatrix self-assembling peptide gels may be advantageous
and better imitate the in vivo situation, for example stem cell
niches where the stemness of cells needs to be maintained, or
when creating in vitro 3D tumor tissue.21,49,50 The 3D culture
Epiflex de-cellularised natural collagen matrix offers another
option and may function better than standard collagen gels
(RH12).51 One reason for this may be the normal architecture
of the natural matrix, which is not easily reproduced in
standard collagen gels (SG12). Such 3D scaffolds can be
obtained by chemical de-cellularisation of a normal organ
tissue, e.g. from an animal, leaving a clean matrix skeleton,
preserving the in vivo 3D configuration.52,53 Several labs are
exploring their properties and opportunities for organ-on-a-

Fig. 6 Cytostretch platform (top): optical micrograph of the ‘‘dogbone’’ Cytostretch chip (left), circular Cytostretch Chip in a 12 well plate (middle) and magnified
image showing the electrodes (right). The bottom panel shows a schematic cross-sectional view of the chip along the yellow arrow in the top-left image. The heart of
the device is a thin (15 microns) flexible PDMS membrane in which electrically conductive electrodes are integrated. The global shape of the membrane can be varied
(as shown in the top figures), and its surface can be micro- or nanopatterned. The membrane can be inflated pneumatically or hydraulically, applying stretch and
strain to the cells or tissues that are cultured on its surface (courtesy of Saeed Pakasad, see ref. 35 and 36).
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chip applications (DI12). Stretching a matrix gel may be one
way to align matrix components in a specific direction, which
may, depending on the application, more closely simulate the
physiological matrix architecture and also influence matrix

stiffness (VW12). Irrespective of using synthetic or natural
polymer materials, for example hydrogels such as agarose,
synthetic peptides, or polyacrylamide, the mechanical stiffness
(elastic modulus) can be varied over orders of magnitude using

Fig. 7 The human gut-on-a-chip. (a) A schematic of the gut-on-a-chip device showing the flexible porous ECM-coated membrane lined with gut epithelial cells in the
middle of the central microchannel, and full height vacuum chambers on both sides. (b) A photographic image of the gut-on-a-chip device composed of a clear PDMS
elastomer. A syringe pump was used to perfuse (direction indicated by arrows) blue and red dyes through the tubing to the upper and lower microchannels,
respectively, to visualize these channels. (c) A cross-sectional view of the top and bottom channels (both 150 mm high) of the gut-on-a-chip; square inset shows a top
view of a portion of the porous membrane (10 mm pores; bar 20 mm). (d) Schematics (top) and phase contrast images (bottom) of intestinal monolayers cultured
within the gut-on-a-chip in the absence (left) or presence (right) of a mechanical strain (30%, arrow indicated the direction) exerted by applying suction to the
vacuum chambers. Red and blue outlines indicate the shape of a single Caco-2 cell before (red) and after (blue) mechanical strain application (bar 20 mm). Note that
the cell distorts in the direction of the applied tension. The regular array of small white circles are pores visible beneath the epithelial monolayer. (e) Quantitation of
the mechanical strain produced in the ECM-coated, flexible, porous PDMS membrane (open circles) and in the adherent gut epithelial cells (closed circles) as a
function of the pressure applied by the vacuum controller (reproduced from ref. 38).

Fig. 8 Multi-organ-chip platform. (a) A PDMS-chip (yellow), 3 mm high, bonded onto a microscope slide (26 mm 6 76 mm) hosts two independent micro-circuits
with a circulation channel of 100 mm 6 500 mm. Each channel connects two tissue culture compartments (6 mm). The tissue culture compartments support the
integration of matrices for organ modelling, e.g. liver and the integration of standard 96-well inserts (green) with 10 mm-thick microporous polyester membranes for
biological barrier modelling, e.g. intestine or skin. The micropump (black) consists of three consecutive elastic membranes over the channel, actuated at a specific
sequence for pulsatile unidirectional flow and an adjustable frequency for the flow volume, flow rates and residence time in organoids. (b) A worm’s-eye view of two
blood-perfused circuits (reproduced with permission from ref. 40).
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polymer/protein concentrations, compositions, or crosslinking
densities.46,54

Extracellular matrix coating

While in most biology labs cells are still cultured without
specific extracellular matrix coatings, consensus from the
workshop participants was that the seeding of cells on their
natural matrix would be highly preferred to make cells ‘‘feel at
home’’ and behave like their in vivo counterparts.55,49,56 Thus,
in addition to the basic substrate a careful evaluation and
choice of the extracellular matrix coating needs to be made,
depending on the cell type to seed, and the tissue or disease to
recreate. PDMS can be easily coated, or specifically patterned,

with a variety of extracellular matrix coatings, like fibronectin,
collagen or matrigel. Although frequently used, fibronectin is a
‘‘wound repair’’ matrix molecule, inducing regeneration and
cell division, and not automatically the best choice to seed
cells on. Other more natural coatings may be preferred to
mimic more natural in vivo situations. Once attached to a
substrate, cells will also deposit their own extracellular matrix,
where the type of matrix is likely to depend on the biochemical
environment, the stiffness of the substrate, and other physical
stimuli like stretch, tension and shear stress.56 Natural
extracellular matrix-established membranes are expected to
have some value over PDMS for some applications and are
currently being developed (KP12).

Microfluidics

The challenges for microfluidics integrated into the chip are
multifold. Flow through the microfluidic channels needs to be
carefully controlled, while all cellular connections should be
kept sterile during the long term culture. Cells need to be
seeded in the individual culture chambers and should remain
accessible for microscopic (and other) analysis. David Beebe
presented a ‘‘controlled passive pumping’’ technology in
which a large fluid droplet is deposited over the entrance of
an open microfluidic channel to drive flow in that channel
(Fig. 12).57,58 The fluid is sucked into the channel, and enters
in a larger droplet on the exit side of the channel. The flow,
called ‘‘point-to-point pumping’’ is determined by the surface
tension of the two droplets, and is predictable and controlled
for a defined time period. Since only simple pipetting is
required, this is an attractive technology to implement in cell

Fig. 9 Engineering of PDMS channels on a chip. A microchannel system was moulded in PDMS, coated with laminin 111, and used as substrate for the culture of HMT-
3522 S1 cells. (A) Schematic of the branched channel system. (B) Two independent approaches were developed. In the first approach (left, drawing and picture of the
system) PDMS microchannels were sealed onto a glass coverslip, coated with dried or dripped laminin 111, and used for the culture of S1 cells in a closed
environment. Cells were injected through tubing connected to the portholes using a syringe pump and the medium was changed by immersion. In the second
approach (right), cells were cultured in an open ‘hemichannel’ system (top side of microchannel left open). The channels can be completed using a PDMS membrane
on the day of the experiment (reproduced from ref. 41).

Fig. 10 Example of a microfluidic chip developed in the Takayama lab (top).
Combination of fluid and solid mechanical stresses (modelled bottom, left/
middle) contribute to cell death and detachment in a microfluidic alveolar
model (bottom, right), (reproduced from ref. 44).
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culture labs, since the device easily can be put into a cell
culture incubator. This passive pumping concept is also used
for ‘‘viscous finger patterning’’ in which a fluid is flown
through an unpolymerized hydrogel, thus creating a lumen (a
‘‘finger’’) in the hydrogel which is subsequently polymerized.
Various channel geometries, including branching vessel

structures, can thus be efficiently and cost-effectively obtained
in a relatively high throughput setting.59,60 Similarly, passive
pumping can be used to create 3D disease models which
provide spatial control over multiple cell types to model, for
example, the paracrine signaling between cancer cells and
stromal cells.61

Fig. 11 A microfluidic model of thrombus formation in atherosclerosis, combining multiple cell types and a well-defined, physiologically relevant geometry. (A) A
microfluidic channel was designed to mimic the typical wall shear rates that are found in arteries with atherosclerotic plaques. Higher shear rates lead to increased
forces on the wall, also known as shear stress. The shear rate in the stenotic area of the channel was up to eight times higher than the shear rate in the straight
sections of the channel. (B) Platelet aggregation in the stenosis outlet region. The microfluidic channel was coated with human endothelial cells and flushed with
fluorescently labeled, citrated blood. Within one minute a dramatic aggregation of fluorescent platelets occurred. The aggregation was found to be completely
dependent on the shear-mediated activation of the plasma protein von Willebrand factor and its interaction with activated platelets. Scale bars are 250 mm. The
calibration bar depicts the false coloring of fluorescence intensities, red is low intensity and green is high intensity (reproduced from ref. 45).

Fig. 12 Passive pumping-based microfluidic angiogenesis assay with 3D cylindrical lumens. (A) Illustration of a triple channel design with connecting microchannels.
(B–D) Microchannel systems can be (B) single, (C) double or (D) triple channel designs, and are arrayable. Devices are plasma-treated and bonded to glass-bottom
Petri dishes (reproduced from ref. 60).
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High throughput technology platforms

An organ is made up of multiple cell types which interact with
each other in a complex manner to enable specific organ
functions. This implies that to create organ tissues on a chip,
first these different specialized (differentiated) organ-specific
cell types need to be available or generated from a stem cell
source, and second, the cells have to be applied to the chip in a
controlled manner to best reproduce in vivo cell–cell interac-
tions and 3D cellular microenvironment, while on the other
hand selectively compartmentalizing the different cell popula-
tions. Separate cell compartments can be obtained relatively
easily by using spacer gels to prevent contact between cells
(consisting of collagen–matrigel mixtures), however the spatial
positioning of different cell types, especially in a three-
dimensional matrix, is a highly complex challenge, and most
standard cell biology labs are not (yet) suited for this. Several
technology platforms were presented and discussed, from low
to high throughput, for different purposes, e.g. (1) technolo-
gies for bringing single cells, or specific cell populations,
together to enable controlled interaction between the different
cells or cell types, (2) technologies to position cells adjacent to

each other in a 3D environment, either compartmentalized or
for example allowing specific migration along a controlled
concentration gradient,; (3) platforms for investigating effects
of different substrates on cell behavior, (4) platforms to steer
stem cell differentiation to certain directions.

Clemens van Blitterwijk presented high throughput plat-
forms enabling the investigation of morphological and
functional responses of cells to differences in surface
topography (TopoChip).62,63 By depositing cells on this chip,
either as single cells or groups of cells, the effect of thousands
of designed features on cell shape and function can be tested
(Fig. 13). The readout cell parameters can be easily determined
by confocal microscopy.64

Albert van den Berg presented microdroplet generation and
fusion platforms, which can be used to manipulate (single)
cells that are captured inside individual droplets.65 The
process of capturing cells in droplets could be optimized by
pre-ordering cells in a circular microfluidics device, coupled to
the drop generator device. Cells can subsequently be brought
together in one drop after controlled fusion of two or more
independent drops; additional droplet fusions can be used to
add other factors to the cells. Within the drop cells can

Fig. 13 TopoChip fabrication and characterization. (A and B) SEM images of sections of TopoChips, displaying accurate features replication on the Topo-Chip (scale
bar 50 mm.) (C) The TopoChip carrier, lid, and chip assembly. This chip carrier can even be used as a micro-bioreactor for the perfusion culture of cells, or with a second
set of attachments (not shown) for static cell culture. (D and E) Light microscopic images of cells seeded using the chip carrier displaying the homogeneity of cell
distribution within and between TopoUnits (reproduced from ref. 62).
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interact with each other, or they can be deposited on a surface
of choice.

Several technologies have been developed to enable the
controlled deposition of different cell types adjacent to each
other for co-culture and interaction between the cells. A
‘‘mosaic hydrogel’’ high throughput platform has been
developed by the group of Axel Günther (Fig. 14).66 Solutions
of distinct biopolymers with the option of preloading these
with biochemical or cellular payloads are organized into a
planar uncross-linked fluid network using a microfluidic
device. At the device exit, a mosaic hydrogel with a well-
defined spatial composition is formed upon cross-linking. The
mosaic hydrogel properties can be tailored by controlling its
microscale composition. Bottom-up stacking or a continuous
collection of mosaic hydrogel sheets (width 3 mm to 3 cm,
thickness 100 to 300 microns) on a rotating drum enables the
formation of multilayered soft materials with compositional
control in three dimensions, as well as millimeter- to
centimeter-scale tubular structures. So far the formed hydrogel
sheets were populated with viable primary cells (fibroblasts
and cardiomyocytes).

Ali Khademhosseini presented a platform based on loading
a number of microengineered gels with different types of cells.
The properties of the gels, both with respect to chemical (for
example a gradient) and physical characteristics can be tuned
by the molecular composition of the individual gel.67 These

cell-containing gels are inserted in parallel channels while
stop flow lithography is used for patterning the gels in a
microfluidic channel.68 Another interesting approach is the
controlled deposition of cells adjacent to each other using
different cell types captured in cubic microengineered gel-
blocks which are self-assembled into a pre-designed artificial
architecture by means of hybridization between complemen-
tary single stranded DNA sequences which are tethered to the
different sides of the cube. When the DNA strands match, they
hybridize, the blocks are connected, and the structure is
built.69 After adding DNAse the blocks fall apart again. The
cells inside the gel blocks will remodel the gel during which
process DNA is rapidly degraded.

Hanging drop techniques are being used to prevent the
adherence of cells to a flat surface and allow cells to interact
with each other in a 3D setting, however they are cumbersome
and not easily high throughput. Two platforms were presented
facilitating the formation of embryoid bodies. To enable the
localized deposition of cells in varying numbers, microengi-
neered hydrogel biomaterials (PNIPAAM) can be loaded in
microwells to create micropatterns (AK12).70,71 When cell-
containing fluids flow over these wells, the shear stress
controls the accumulation of a number of cells in specific
well structures, depending on the well size and the resulting
fluid flow behavior in the well. As proof of principle,
differently sized embryoid bodies were created, and shown

Fig. 14 One-step formation of mosaic hydrogels. Schematic illustration of the presented approach. Solutions of two distinct biopolymers with the option of
preloading the second with microparticles, biomolecular, or cellular payloads are organized into a planar uncross-linked fluid network using a microfluidic device
(outlined with dashed lines). At the device exit, a mosaic hydrogel with a well-defined spatial composition is formed upon cross-linking (e.g. ionic exchange). The
mosaic hydrogel properties (e.g. elasticity and diffusivity of different molecular payloads) can be tailored by controlling its microscale composition. The ability to
controllably define planar biomaterials with heterogeneous properties enables the predictable time dependent diffusion of molecular payloads. Bottom-up stacking
or a continuous collection of mosaic hydrogel sheets on a rotating drum enables the formation of multilayered soft materials with compositional control in three
dimensions, as well as millimeter- to centimeter-scale tubular structures (courtesy Axel Günther).
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that size is a determinant in the differentiation process.72

Shuichi Takayama developed a high throughput automated
hanging drop system in a 384 array format (Fig. 15).73 Each
drop contains 10–20 ml of cell suspension and can be formed
by simple pipetting. 3D spheroids (COS7 and mES) were grown
and parallel drug testing was performed (3D Biometrix,
Perfecta3D1 384-Well Hanging Drop Plates).

A ‘‘micro-painting’’ system based on aqueous two-phase
tissue engineering technology was presented by Shuichi
Takayama, to create three-dimensional tissue structures,
making use of the fact that two aqueous fluids with specific
properties mix very slowly (PEG–DEX).74 The basic concept
behind this approach is that small molecules diffuse freely
between phases, while larger molecules have a phase
preference.75 The system uses readily available reagents and
a standard micropipette to print, ‘paint’, three-dimensional
cell-laden hydrogels directly into a multi-well plate, or over a
living cell culture or tissue. Immiscible biocompatible poly-
mers are used to spatially confine selected cells and hydrogel
solutions, while maintaining an aqueous, cell-friendly culture
environment. Multiple layers can be micropatterned in multi-
ple phases on top of each other. Using this system Takayama
showed that by depositing arrays of interspaced feeder cell
drops, followed by the ‘‘painting’’ of embryonic stem cells on
the islands of feeder cells, stem cell niches can be created
which do not cross-contaminate and function in an autono-
mous way. Using this approach the neuronal differentiation of
mouse embryonic cells was optimized, resulting in larger
colonies.76

Readout technologies

Quality control of an organ-on-a-chip

To be sure that the tissue or disease that is generated on the
chip adequately resembles the in vivo situation, a quality
control assay should be performed. In vivo organ or disease
histopathology analysis is the gold standard to compare the
cell morphology and tissue architecture in the engineered
organ or diseased tissue on the chip, which can be similarly
fixed, paraffin embedded and stained, including immuno-

fluorescent staining for proteins, DNA or RNA. In addition,
specific micro-incubator conditions should be monitored, e.g.
oxygen and CO2 concentrations, pH and the fluid flow rate.

Readout technologies for experimental results

Dedicated technologies may be required to assess experimen-
tal results, e.g. the cellular effects of a drug compound or real
time monitoring of cell migration through a tissue. To
characterize cells, the intracellular processes and tissue
architecture, in principle all tissue and cell analysis methods,
like for example PCR, (methylated) DNA and RNA sequencing,
mRNA expression profiling, proteomics, metabolomics, and
multiplex protein analysis (e.g. Luminex), can be used on
(single) cells, tissue slices, or flow through solutions. Model-
specific assays can also be developed, for example for heart-on-
a-chip a ‘‘heart chip 2.0’’ was developed to assess cardiomyo-
cyte function based on mRNA expression data (KP12), while the
Cytostretch technology allows measurement of the field
potential of cardiac cells seeded on the PDMS membrane.35

Microscopy

One of the most urgent needs was considered to be
technologies to assess and monitor biochemical and cellular
processes in the model systems, preferably real time in living
cells and in 3D engineered tissue. For this purpose, both 3D
microscopic imaging of cell morphology and extracellular
matrix architecture are important, as well as fluorescent
imaging, both at high resolutions (at least around 1 micron)
to sufficiently distinguish nuclear or cytoplasmic localizations
in a cell. The main challenge is to combine a sufficient focus
depth with high resolution. To obtain non-fluorescent
morphology information, optical coherence tomography
(OCT) is well suited. OCT is an imaging technique based on
the principle of low (temporal) coherence interferometry.
Broadband (i.e. short-coherence) light is split into two beams.
One beam is delivered to the sample and the light that is
backscattered or reflected by the sample is combined, on a
detector, with the other beam that functions as the reference.
This results in interference patterns that carry information
about the amount of light reflected from each depth of the
sample. Two- and three-dimensional images can be obtained
by scanning the sample beam over the sample in one or two
dimensions. 3D images up to a depth of 1–2 mm into the

Fig. 15 Platform for a controlled 3D spheroid culture. A hanging drop platform in a 384 array format that can be used to create 3D spheroids and carry out parallel
(drug) testing (reproduced from ref. 73).
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tissue can be created, with space- and time-resolutions of
micrometers and tenths of a second.

For fluorescent imaging usually confocal laser scanning
microscopy has been used, however this only allows relatively
superficial, though high resolution, 3D cell imaging and is
best suited for monolayer (2D) cell cultures, or superficial cell
layer analysis. Better suited for 3D fluorescent imaging is dual
or multi-photon fluorescent microscopy, based on pulsed light
with a long-wavelength which enables up to 500 micron
penetration into tissue. An advantage is that its use of lasers
with longer wavelengths and lower energy causes less damage
to the cells, facilitating fluorescent monitoring over longer
time periods. Developments are ongoing to improve the
resolution and focus depth of tissue imaging technologies,
e.g. using Raman spectroscopy. To investigate cellular pro-
cesses at the single molecule level Thomas Schmidt reported a
new ultra-high resolution optical microscopy method for
single molecule imaging, but necessarily with a very low
working distance.77

In order to use a fluorescence imaging technology, the cell
or molecule of interest needs to be able to provide a
fluorescent signal. Immunofluorescence staining techniques
can be used, either single or multiplex, on fixed and
permeabilized 2D cell cultures or sectioned 3D cell or tissue
cultures. More exciting will be immunofluorescent labeling of
for example extracellular matrix proteins or cell membrane
antigens in living cells which are part of the tissue on the chip.
An example is the fluorescence labeling of specific immune
cells, flown through the organ-on-a-chip model, for the
visualization of how they migrate into the tissue (DI12). In
addition to exogenous induced fluorescent staining, it is also
possible to modify the cell line by inserting a fluorescent
reporter gene into its genome, either constitutively active or
inducible.9 Such an approach may for example be used to
monitor whether a specific signal transduction pathway in
cells is turned on or off (HC12). Fluorescence-lifetime imaging
microscopy (FLIM) measures the lifetime of the fluorescent
signal instead of the intensity, which makes it especially suited
for 3D fluorescent imaging. FLIM–FRET techniques in which
cells are engineered to produce specific donor and acceptor
fusion proteins which signal upon close interaction, may
enable the imaging of processes associated with specific
intracellular protein interactions (SL12).

Cell tracing

Real time spatial tracing of cells and their progeny in a culture
can be very informative on cell behavior. One approach is to
insert a fluorescent (or LacZ) reporter into the cellular genome
which can be switched on at demand, and subsequently
remains active in the progeny of the cell, allowing lineage
tracing.8 Helen Blau presented time lapse movies showing that
in a 2D culture setting cells and their progeny could be
successfully traced in real time when using specifically
designed software.20 A similar approach can be used to study
the alignment of cells under the influence of various factors
(RH12).

Computational models

Computational models can be developed for multiple pur-
poses, for example to simulate and predict flow and shear
stress in microchannels (AB12), to simulate 3D organoid
growth,78 or to extract information from mRNA profiles with
respect to the activity of signal transduction pathways.79

Main applications of ‘‘organ-on-a-chip’’

The main envisioned commercially relevant applications for
organ-on-a-chip models are (multi-) organ models for drug
toxicity screening, human disease models for drug target
discovery and drug development, and to a lesser extent models
to investigate routes for drug uptake, for example in the
gastrointestinal system or via inhalation in the lungs.
Capturing the genetic variation in the normal as well as the
diseased population, these models are expected to improve
efficiency and reduce costs of drug development, and enable
the development of safer and more effective drugs. These will
be better tuned to the specific genetic profile of the patient,
and patients that are likely to benefit from a drug in a safe
manner can be selected through companion diagnostic
assays–again developed using organ-on-a-chip models. These
applications fit the emerging world-wide development towards
personalized medicine. In addition, organ-on-a-chip models
obviously provide the means to obtain a better understanding
of organ physiology and the pathophysiology of, especially
human, disease. Very importantly, aside from providing
superior organ and disease models, human organ-on-a-chip
and disease-on-a-chip models are expected to enable the
replacement of a substantial number of animal experiments.
This fully aligns with international programs to reduce animal
experiments; as an example the NIH recently decided to retire
its whole chimpanzee colony and seriously restrict research
use of these primates. Last but not least, the establishment of
organ-on-a-chip model systems are expected to represent an
important step on the way to future regenerative medicine
applications of stem cells (CM, HC12).

Model systems for drug compound toxicity screening

The FDA (represented at the Workshop by Suzanne Fitzpatrick)
would like to see organ-on-a-chip models developed for
regulated pharmaceutical use to answer questions on drug
toxicity and immunogenicity. Highest priority is envisioned for
(multiple) organs on a chip (e.g. heart, liver, kidney, lung,
intestine and lymph nodes), human blood-brain-barrier (BBB)
models, and placenta-on-a-chip for teratogenicity testing. The
FDA is planning on stimulating and providing financial
support for the development and enforced implementation
of such organ-on-a-chip models, and envisions pharmaceutical
companies to provide the FDA with compounds to test on the
models. The FDA is actively looking into ways to validate this
type of ‘‘Drug Development Tool’’ models for use in drug
development. (www.fda.gov/downloads/drugs/guidancecom
plianceregulatoryinformation/guidence) (SF12).

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 3449–3470 | 3463

Lab on a Chip Focus



Since the heart is the most vital organ, cardiac toxicity can
be immediately life threatening and many drugs have been
taken off the market because of the risk of deadly arrhythmias.
This presents a good example case to illustrate the value of a
human stem cell-based drug toxicity screening model, and
how organ-on-a-chip technologies may further improve exist-
ing models. Christine Mummery reported a cardiotoxicity
screening model based on human embryonic stem cell (hES)-
derived cardiomyocytes on a conventional multi-electrode
array (MEA) (Fig. 17).80 The system has already proven of
value for the assessment of drug cardiotoxicity (CM12).
However some challenges remain: (1) the human cardiomyo-
cytes are relatively immature and may require physical stimuli
or (temporary) co-culture with another cell type to fully
mature; (2) it is a static system, while most arrhythmias occur
during exercise when cardiomyocytes are stretched in the
rhythm of the beating heart; (3) the propensity for drug-
induced arrhythmia may be dependent on the genetic back-
ground of the patient, e.g. certain SNPs (single nucleotide
variations) in genes which code for ion channels in cardio-
myocytes; (4) the lack of a microfluidics system to mimic heart
cell microenvironment, for example exercise-induced hypoxia,
increased potassium concentrations and acidosis; (5) the lack
of a high throughput model system, enabling the simulta-
neous screening of a large number of drug compounds.

Solutions may be offered by emerging organ-on-a-chip and
stem cell technologies. Protocols to further mature cardio-
myocytes can be explored by providing physical cues within a
controlled microenvironment, e.g. stretch–tension (Fig. 6 and
7), electrical pacing of cardiac cells (Fig. 6 and 17) (RD12),
stiffness, oxygen concentration and controlled perfusion
(several microfluidics designs), surface topography (KP,

CB12)81 by controlled co-culture with other cell type(s) (AK,
AG, ST, AB, UM12), or by 3D culture in a specified gel
environment (AK, AG12). With the rise of iPSC cell line-based
organ and disease models, future developments will be
towards establishing iPSC cell line libraries of patients with
for example all known genetic ion channel SNP variants which
may predispose a patient for cardiac toxicity. Using those cell
lines, cardiac models can be developed for the most relevant
genetic variants. As proof of principle for this approach,
increased sensitivity to a cardiotoxic drug could be demon-
strated in cardiomyocytes derived from an iPSC line from a
patient with a genetic propensity for a special form of cardiac
arythmia.82 If a drug appears to be cardiotoxic in the presence
of a specific genetic variant, a companion diagnostic test can
be developed to be performed in all patients prior to
administering the drug. A positive test indicates that the drug
is contraindicated for that specific patient. This may rescue
potentially valuable drugs that would otherwise fail, and might
even allow the re-introduction of certain drugs which were
already withdrawn from the market (CM12). Models using
Cytostretch technology will enable drug toxicity screening
under cardiac load, simulating the heart during exercise
(RD12) (Fig. 17). Many microfluidic designs can be coupled to
MEA or Cytostretch systems, enabling a controlled fluid flow
with specific composition, and development towards a high
throughput model setting, while still allowing the measure-
ment of the field potential and microscopic analysis.

In a similar way other organ-on-a-chip models for drug
toxicity screening can be improved and potentially turned into
high throughput testing systems, e.g. intestine, kidney, lung,
liver, blood-brain barrier and bone marrow (HC, DI, ST, AB12).

Fig. 16 Vision towards the future of clinical trials: from patients (A) to a clinical trial ‘‘on a chip’’(B)?
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Human disease models for drug target discovery and drug
development

Specific mutations and SNP variations in the individual
genome may not only be determinants of toxic side-effects of
a drug, but also of the effectiveness of a drug in the individual
patient. ‘‘Libraries’’ of iPSC cell lines obtained from patients
with a specific disease will capture the diversity of genetic
backgrounds associated with the disease. Low, medium and
high throughput organ-on-a-chip model systems for human
diseases based on patient-derived iPSC cell lines provide a
unique opportunity to discover human drug targets, related to
the underlying genetic background of the patient, and test
drug compounds. In this way the association between the
genetic background, disease pathogenesis and progression,
and response to a drug can be established and translated into
a useful companion diagnostic test. One could even think of
replacing early clinical trials by ‘‘clinical trials on chips’’ in
combination with organ-on-a-chip toxicity screening (Fig. 16).

The highest priority is considered for human diseases for
which no good therapy exists, and for which an adequate
disease model system is lacking. Diseases affecting typical
human organs like the brain and the immune system often
lack appropriate animal models. However even for diseases
which can seemingly be adequately mimicked in an (engi-
neered) animal, the relevant disease proteins subtly differ
between animal and humans (JL12). This is a cause of late (and
expensive) drug failure when effectiveness in humans needs to
be proven.

During the workshop, priority was given to models for
neurological disease in general, including Alzheimer,
Parkinson and ALS, auto-immune diseases like SLE and
rheumatoid arthritis, diabetes type II, infectious diseases,
osteoporosis, heart failure, ion channel disorders causing
cardiac arrhythmias, and, last but not least, cancer.

A number of organ and disease models was presented and
discussed. Several cell culture-based 3D skin models were
presented, including a model involving macrophages which
can be imaged while exiting the vasculature and migrating

into skin tissue, used to investigate chronic wound repair (SG,
FW, RH12) (Fig. 18).83

Don Ingber presented a model for chemotherapy-induced
pulmonary edema.37 Gut-on-a-chip is being explored as a
model system for inflammatory bowel disease.38 Disease
models for ‘‘dilated cardiomyopathy’’, congestive heart failure
and cardiac arrhythmias are being developed and computa-
tionally modeled, e.g. re-entry arrhythmias (KP, CM12).85 A new
iPSC cell line with a mutation in the myosin-binding protein
C3 (MYPBC3) was presented which will enable the develop-
ment of a human model for primary cardiac hypertrophy
(CM12). The vascular flow-through microfluidics models of
Albert van den Berg and Shuichi Takayama are used as models
for respectively arterial thrombosis, the blood brain barrier,
and the process of endothelial adhesion of cancer cells as part
of the process of metastasis.43,86 Another application of the
microfluidics chips of Shuichi Takayama is a model for lung
disease used to investigate the effect of fluid mechanical stress
on the development of lung diseases associated with surfac-
tant dysfunction.87

Fig. 18 Skin equivalent constructed from primary human keratinocytes and
fibroblasts. Fibroblasts are cultured under confluency for 3 weeks until they
secrete their own extracellular matrix. Keratinocytes are seeded on top of the
autologous fibroblast populated matrix and further cultured for 3 weeks (1
week submerged followed by 2 weeks air exposed). Photo shows the histology
of a haematoxylin/eosin stained paraffin tissue section (with permission, Sue
Gibbs) (ref. 84).

Fig. 17 Cardiotoxicity drug screening model. (a) Conventional rigid surface MEA model with hES derived cardiomyocytes and field potential measurement after
adding a drug compound; elongation of the QT complex indicates cardiotoxicity (adapted from ref. 80). (b) Cytostretch technology, thin PDMS membrane with
integrated stretchable electrodes, enabling the measurement of the field potential during cardiac load (controlled stretch frequency), simulating a heart during
exercise (courtesy of Saeed Pakazad, see also ref. 35).
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We will discuss cancer models, as an example to illustrate
how ‘‘organ-on-a-chip’’ approaches could improve existing in
vitro models systems. Current in vitro initiation and progres-
sion cancer models, especially for breast cancer, have already
moved towards 3D spheroid cultures (VW, SL12)
(Fig. 19).50,88,89 These however still face a number of
challenges, especially with respect to reproducing the bio-
chemical, cellular and physical microenvironment of the
cancer cells during different stages of the disease, from cancer
initiation up to the metastatic process. Carefully engineered
and relatively cost-effective polymeric gels may offer attractive
approaches to mimic aspects like increased stiffness of the
extracellular matrix, provide biochemical gradients to study
cell migration, and to position different cell types next to each
other in a confined manner while still allowing interaction
(AK, AG, ST12). Sophisticated microfluidics enable the manip-
ulation of oxygen concentration, hydrostatic pressure, and the
biochemical (e.g. cytokines, estradiol) environment and
stretching of cells could be incorporated (AB, DI, RD12).
Pores in microfluidic channel walls may allow the migration of
both cancer cells and immune cells in and out of channels,
while multi-chamber chips make it possible to culture

‘‘primary’’ tumor tissue in one chamber, connected to a
second chamber representing a potential metastatic tissue site
(ST, UM12). Thinking along these lines, one could envision that
a few years of creative multidisciplinary research might lead to
an actual visualization and monitoring of the process of cell
migration and metastasis in real time on a chip (Fig. 20).

Discussion and conclusion

The field of organ-on-a-chip requires extensive integration
between molecular and cell biology and organ physiology, cell
culture and stem cell expertise, microfluidics, microfabrica-
tion and materials science, and (clinical) disease knowledge.
Multidisciplinary collaboration is needed as well as availability
of cell culture and biochemistry lab facilities, preferably close
to (clean-room) facilities for microfabrication processes.
Organs are complex functional biological entities, based on
highly controlled and organized interactions between different
specialized cell types in a 3D architecture. The 3D cellular and
extracellular matrix microenvironment of every single cell is an
important determinant of its function, and needs to be

Fig. 19 Cell culture models for the breast epithelium. Three types of cell cultures starting from individual mammary epithelial cells (MEC): 2D culture, 3D culture of
individual acini, 3D culture of breast channels (ducts) or breast on-a-chip. Traditional cell culture as a flat monolayer of cells (2D culture) does not recreate the three-
dimensional (3D) organization of the inner layer of the breast epithelium consisting of luminal cells. In a 3D culture, HMT-3522 non-neoplastic MECs in the presence
of a exogenous extracellular matrix enriched in basement membrane components divide to form, within 10 days, hundreds of growth-arrested spheroid-like
structures with basal polarity (against a basement membrane) and apical polarity (i.e. presence of apically localized tight junctions), hence mimicking the smallest
structural and functional units (acini) of the breast glandular epithelium. When placed in a mold of polydimethylsiloxane (PDMS) on dried laminin 111, HMT-3522
cells divide and spread on all faces of the U-shaped PDMS hemichannel leading to a growth-arrested basoapically polarized monolayer of cells, within a few days. This
culture system referred to as breast on-a-chip mimics the organization of the inner cell layer of breast ducts with a lumen diameter similar to that found in the
terminal duct of the mammary gland as determined by the width and depth of the PDMS hemichannels. Under the drawings, images represent actual cell culture
examples with cell nuclei fluorescently stained with DAPI (blue). Bottom panel: haematoxylin and eosin staining of the organization of luminal (inner layer) and
myoepithelial (outer later) cells recognized by purple-stained nuclei on a section of an actual breast tissue showing an acinus and a terminal duct (courtesy from Dr.
Kurt Hodges, Department of Pathology and Laboratory Medicine, Indiana University School of Medicine, Indianapolis). Size bar 5 mm. Figure from Pierre-Alexandre
Vidi and Sophie Lelièvre, Basic Medical Sciences and Purdue Center for Cancer Research, Purdue University, IN, USA (part of the figure with the breast on-a-chip is
modified from ref. 41).
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carefully recaptured in vitro when aiming to develop a model
for an organ tissue, or even more complex, a disease on a chip.
The workshop discussions centered around the optimal use of
cell types, cell culture methods, engineering, fabrication
options, type of models systems and their applications, and
the challenges which are being faced in maturing this rapidly
developing field.

Advantages of organ-on-a-chip models

Many advantages of microfluidics-based organ-on-a-chip
approaches were mentioned: (1) compared to conventional
culture, fewer cells are needed; (2) investigation of influences
of the microenvironment of the cell (biochemical, mechanical,
geometrical), as well as cell-cell and cell matrix interactions;
(3) the ability to culture different cell types adjacent to each
other in a controlled manner, or flow through specific cells,
e.g. immune cells; (4) the study of paracrine signaling between
cells will be facilitated, since the diffusion to co-cultured cells
is better in a small micro-chamber90,91; (5) due to tuned and
tight regulation of the cellular environment and homeostasis,
long term culture over months should be possible (UM12).40

How complex should an organ-on-a-chip model be

For every model, choices for the right cell type, e.g. organ
specific endothelial or fibroblast cells, and 2D versus 3D
culture, self-assembly organoid growth, or tissue structure
supported by a 3D scaffold, need to be made. It is important to
keep in mind that an organ or disease-on-a-chip only needs to
be as complex as is necessary to answer your question (DI12).
Organ-on-a-chip models can in complexity vary from very
simple to highly complex, and from single cells to 3D multi-

cell type, multi-organ chips. Models to investigate at a single
cell level can be sufficient in some cases, for example to
investigate the effect of a specific substrate or surface
patterning on cell function (KP, TS12). Subsequently more
complex features can be stepwise added to the model system
when needed, or alternatively validation can be performed
using a suitable animal model. For pharmaceutical purposes
ultimately high throughput testing models will be needed, and
the simpler the model, the easier it is to create a more high
throughput version.

Challenges to be faced

Standardization of cell sources and differentiation protocols,
especially with respect to iPSC and hES cell lines was seen as a
highly relevant issue (CM12). Micro-incubators need to be
incorporated into the microfluidics system to enable mimick-
ing the in vivo microenvironment of the culture. Conditions for
long term culture maintenance need to be established, as well
as microvasculature for 3D cultures. Natural extracellular
matrix coatings should, as much as possible, replace conven-
tional culture plastic (HB12). Real time monitoring of cellular
and biochemical processes is very important, and the
development of 3D fluorescent microscopy, preferably in
combination with the visualisation of cell morphology and
tissue architecture, is a high priority. With respect to the use
by pharmaceutical companies the need for translation to a
medium/high throughput model setting was emphasized.
Currently available organ-on-a-chip model systems are in view
of complexity in principle more appropriate for low through-
put, high value/high content, drug analysis applications (DI12).
However, dedicated design and device fabrication approaches

Fig. 20 Vision to the future: cancer metastasis on a chip. Invasion of tumor cells from the primary tumor into surrounding matrix and subsequently into channels
representing the blood circulation, followed by extravasation and seeding into a potential metastatic site. (A) Cross section through the chip showing the tumor
compartment and the blood compartment, separated by a thin, flexible membrane that can be actuated through pneumatic side chambers. (B) Cross section
showing, in addition, a metastatic seeding site compartment and the connection with the ‘‘primary tumor’’ site through microchannels simulating the blood
circulation. Additional channels can be designed, e.g. for culture medium and immune cells.
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may be well compatible with future high throughput applica-
tions. With respect to future applications for organ-on-a-chip,
it is expected that the field will create extensive knowledge on
organ function and regeneration which can be used as a step-
up to later regenerative applications.

Organ-on-a-chip technology: a revolution in cell culture

Maybe not only useful to develop complex organ and disease
models, but also for more straightforward cell culture
experiments? Conventional culture in standard well plates in
large incubators has in essence remained unchanged for many
decades. Based on one of the main conclusions of the
workshop, i.e. the physical microenvironment of cells in
culture is far more important for cell function than previously
acknowledged, organ-on-a-chip technology may provide
important new options to cell culture in general. One can
easily envision that even relatively simple single cell type
culture experiments could benefit from some of the discussed
technologies. Softer culture surfaces incorporated in a micro-
incubator with controlled fluid perfusion could provide much
better ‘‘in vivo-like’’ culture conditions, tuned to the cell type at
hand. However, in general biology labs do not have access to
the design and fabrication technologies necessary to produce
these microfluidic systems. One of the challenges faced by the
organ-on-a-chip community is to develop manufacture tech-
nologies which enable inexpensive bulk production of several
types of versatile microfluidic cell culture chips. Once some
chip variants for general culture use become available as a
cheap disposable, the rate of adoption in biology labs may be
surprisingly rapid and potentially lead to a revolution in cell
culture.

Finally

The overall conclusion of the workshop can be summarized in
that the organ-on-a-chip field is opening up a whole new
scientific space, bringing together scientists in a unique
multidisciplinary setting, enabling creative science on the
border between biology and engineering, and with a potential
high spin-off to society in the form of new, more effective and
safer drugs, as well as the first steps towards regenerative
therapies: the future looks bright.
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J. Gillis, G. Sirokmány, G. Donati, S. Uribe-Lewis,
P. Pavlidis, A. Murrell, F. Markowetz and F. M. Watt, Nat.
Cell Biol., 2012, 14, 753–63.

84 L. J. van den Broek, F. B. Niessen, R. J. Scheper and
S. Gibbs, ALTEX, 2012, 29, 389–402.

85 M. L. McCain, H. Lee, Y. Aratyn-Schaus, A. G. Kléber and K.
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