
Adverse drug events causing emergency department 
visits were estimated to occur as frequently as 4 in 
every 1,000 patients in 2013–2014 in the United States1. 
Cardiac and liver toxicity are the leading causes of post-​
approval drug withdrawals, and many other drugs fail 
owing to a lack of efficacy and a poor understanding 
of the mechanism of action. Moreover, up to 20% of 
acute kidney injuries acquired after hospital admissions 
are attributed to drug-​induced nephrotoxicity not pre-
dicted by preclinical models2,3. In addition to the many 
failures of marketed drugs, the number of new drugs 
approved annually has also decreased over the past 
20 years, raising concerns over a ‘drying pipeline’4–7. 
It is becoming increasingly clear that the cell lines and 
animal models currently used for drug development 
and testing fall short in predicting the pathophysio
logy of human disease, personalized drug sensitivities 
of specific patient subgroups and off-​target drug toxi
city. For example, patient-​derived tumour xenografts 
can undergo murine-​specific tumour evolution when 
implanted in mice, questioning the validity of animal 
testing for cancer therapy8. Furthermore, the develop-
ment of drugs for conditions affecting prenatal and 
newly born humans remains unaddressed owing to a 
lack of suitable models. It is also important to inves-
tigate teratogenic effects of drugs and environmental 
chemicals in the increasingly polluted world, which 
is currently not possible in humans. Therefore, new 
methods and approaches for drug discovery and health 
research are required.

One of the first papers detailing the use of organ-
ized cell cultures to study disease was published by 
Andre Kleber in 1991, reporting the construction of a 
ventricular myocardium through the patterned growth 
of cells in vitro9, which enabled the first biophysical 
explanation of conduction block in the heart10–13. 
The field of biomicrofluidics exploded14–16 in the late 
1990s with the introduction of poly(dimethylsiloxane) 
(PDMS), which is an optically transparent, soft elasto-
mer ideal for biological applications on the small scale. 
The concept of mimicking the organ-​level function 
of human physiology or disease using cells inside a 
microfluidic chip was first published in 2004, when 
Michael Shuler and colleagues first demonstrated a 
cell culture analogue (CCA) system that captured the 
systemic interaction between lung and liver on a one 
square inch silicon chip17,18. This system in conjunction  
with a physiologically based pharmacokinetic (PBPK) 
model has the potential to supplement animal stud-
ies and serve as a human surrogate for the prediction 
of clinical outcomes. A range of microfluidic devices 
have since been developed, mimicking diverse biolog-
ical functions by culturing cells from blood vessels19, 
muscles20, bones21, airways22, liver23,24, brain25, gut26,27 
and kidney28. In 2010, the term organ-​on-a-​chip was 
invented by Donald Ingber, who developed a micro-
fluidic chip to capture organ-​level functions of the 
human lung29. Through the convergence of tissue 
engineering and microfluidics, miniature 3D models 
(also known as organs-​on-a-​chip) of various organs 
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have been engineered with the potential to transform 
the drug discovery industry30 (Fig. 1).

The field of organs-​on-a-​chip is based on technologi
cal advances in tissue engineering and microfluidics as 
well as insights into the extraction, culture and matu-
ration of human cells31, enabling the design of custom-
ized cellular microenvironments with precise fluidic, 
mechanical and structural control32. A better under-
standing of pluripotent stem cell biology33,34 has further 
enabled the cultivation and expansion of clinically rel-
evant, patient-​specific human cells. Organ-​on-a-​chip 
technology combines these aspects to reproduce key 
features of specific tissue microenvironments and archi-
tectures within a microfabricated device, facilitating the 
creation of 3D models that exhibit functional hallmarks 
of native tissues (for example, contractile properties and 
albumin secretion). The more precise the re-​creation of 
the species-​specific biology is, the better the predictive 

power of the in vitro model, which is at the heart of 
drug discovery.

Organ-​on-a-​chip engineering has attracted enor-
mous interest and attention from the pharmaceutical 
industry, regulatory agencies and even national defence 
agencies35, as also demonstrated by the emergence 
of at least 28 organ-​on-a-​chip companies in less than 
7 years36. The primary focus of organ-​on-a-​chip techno
logy is the re-​creation of three key aspects of human 
physiology: the multicellular vascular or epithelial inter-
faces of organs (for example, blood vessel networks, lung 
and gut)29,37–48, which function as barriers in tissues; the 
tissue-​level organization of parenchymal cells (for exam-
ple, liver, heart, skeletal muscle and tumours)49–61, which 
are responsible for the key functional properties of an 
organ; and the systematic interaction of multiple organs 
(for example, drug absorption, distribution, metabo-
lism and elimination involving the gut, circulation, liver 
and kidney)62–69.

Advanced biofabrication techniques, such as 3D 
printing and 3D microfabrication can also be applied for 
the creation of tissue models, and organoid technologies 
can explore stem cells for the formation of organ-​like 
structures to accurately and simultaneously capture mul-
tiple aspects of human physiology70–73. However, organ-​
on-a-​chip technology not only incorporates multiple 
cell types but also involves engineering aspects, such as 
the guided spatial confinement of cells or the incorpo-
ration of sensors and microfluidic channels (Box 1). By 
contrast, organoid approaches rely solely on the spon-
taneous self-​assembly of cells to achieve complex tissue 
and organ-​level organization and function74. There is cer-
tainly potential to merge these fields through synergistic 
engineering75.

In this Review, we discuss organ-​on-a-​chip techno
logy for its potential to reproduce tissue barriers, 
parenchymal tissues and inter-​organ interactions and 
examine commercialization opportunities. We high-
light representative physiological hallmarks realized 
in organ-​on-a-​chip devices and investigate how organ-​
on-a-​chip technology can be useful for biological dis-
covery. The success of this technology depends not 
only on its scientific validity but also on its usability, 
appropriate cell sources, cost of adoption and mar-
ket size. Thus, we analyse the challenges in material 
selection76, cellular fidelity75, multiplexing and fluid 
handling77, online readouts69,78, scalable production45, 
biological validation and integration into the existing 
drug development pipeline.

Reproducing tissue barrier function
In traditional drug screening approaches, organ-​specific 
effects and the toxicity of a drug are examined using a 
homogeneous population of specific cells. However, 
human tissues and organs are not made of a homo-
geneous cell population. The complexity of human 
organs is based on intricate interactions between 
various specialized cell types arranged in precise 
geometries and interacting with specific microenviron-
ments. These interactions often occur at well-​defined 
tissue interfaces, enabling organ function (Fig.2;  
Tables 1,2).
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Fig. 1 | Major milestones in organ-​on-a-​chip technology and establishment 
of organ-​on-a-​chip companies. PDMS, poly(dimethylsiloxane).
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Microfluidic membrane. Plastic membranes can be 
incorporated into microfluidic channels to model 
the barriers and interfaces of human tissues, such as the 
lung22, intestine27 and brain25. For example, a micro-
fluidic device incorporating a mechanically stretch-
able membrane can capture the organ-​level function 
of vascular and epithelial interfaces29,39–42,79–84 (Fig. 2a). 
This device can be used to model the alveolar–capillary 
interface of the human lung by co-​culturing microvas-
cular endothelial cells and alveolar epithelial cells on a 
10-µm-​thin PDMS membrane. In addition to reproduc-
ing the structure of the tissue interface, vascular perfu-
sion and breathing can be modelled within this device 
by applying cyclic mechanical strains29, which can be 
explored for investigation of the inflammatory response 
to materials. For example, compared with animal tests, 
the application of cyclic strain more accurately accen-
tuates the pulmonary inflammatory response to silica 
nanoparticles and the disruption of barrier function in 
response to interleukin-2 (IL-2)29,80. By adjusting the 
channel dimensions and using gut-​specific cells, this 
platform can also model the human gut, in which cyclic 
strain induces the development of polarized columnar 

epithelium from human intestinal epithelial cells. The 
continuous perfusion along the epithelial compartment 
further enables long-​term co-​culture of an intestinal 
microorganism (Lactobacillus rhamnosus GG)40,83 and 
modelling of an enterovirus infection84. Therefore, this 
device is ideal for the modelling of organ interfaces, 
at which cyclic strain and perfusion play a dominant 
role. This platform can be further adapted to recreate 
human kidney proximal tubules39,85, kidney glomeru-
lus42, lung airway41,86,87 and placenta88, enabling fluid 
perfusion and biologically relevant molecular transport 
of key biochemical signals across tissue (Table 1) and 
vascular barriers (Table 2). Implementing pathological 
factors in these devices also allows for the modelling 
of human diseases, such as enterovirus infection of the 
human gut84, effects of smoking on the lung airway82 
and breast ductal carcinoma89.

Organ-​on-a-​chip devices benefit from the possibil-
ity to readily include dynamic environmental factors, 
improving cellular fidelity, and from compatibility with 
imaging. Complex biological events, such as neutrophil 
infiltration across the vascular barrier and pulmonary 
leakage, can be easily visualized and quantified, enabling 
a detailed investigation of the mechanism of action of 
specific drugs or environmental insults. Various PDMS-​
membrane-based devices are currently being commer-
cialized by Emulate90,91, originally derived from work 
conducted at the Wyss Institute for Biologically Inspired 
Engineering at Harvard. According to publicly availa-
ble information, the company closed its series B ven-
ture with a total of US$45 million in investment and is 
poised to disrupt the global pharmaceutical research and 
development (R&D) market, which was estimated to be 
$141 billion in 2015 (Ref.92), demonstrating that a small 
improvement in the efficiency of drug discovery could 
lead to billion-​dollar savings for large pharmaceutical 
companies.

Microfluidic scaffolds. A standalone microfluidic 
network can be fabricated using a synthetic polymeric 
elastomer serving as a scaffold for the construction of 
vascularized functional tissues70 (Fig. 2b). The micro-
channels defined by thin channel walls can be rendered 
permeable through the incorporation of microporosity 
and nanoporosity. The network maintains its mechan-
ical stability, supporting endothelialization and culture 
of a surrounding dense parenchymal tissue. Using this 
approach, vascular interfaces of arbitrary dimensions can 
be established between endothelial cells and parenchy-
mal tissues. For example, functional liver and cardiac tis-
sue can be grown and tested with common drugs, which 
are perfused through the built-​in internal vasculature. 
Such engineered cardiac tissues display macroscopic 
contraction, with the entire tissue being compressed at 
each contraction without collapse of the internal vascu-
lature. The whole tissue can also be removed from the 
bioreactor and implanted in animals with direct surgical 
vascular connections, thus establishing immediate blood 
perfusion. This perfusable implantable chip, if populated 
with human cells, could potentially help bridge the gap 
between in vitro organ-​on-a-​chip testing and in vivo 
animal tests.

Box 1 | Organ-​on-a-​chip systems

An organ-​on-a-​chip device typically contains one or several of the following 
components.

Geometrical confinement and patterning (see the figure, part a)
•	Spatially defined multicellular co-​culture

•	Phenotypical change is induced by physical confinement

Presence of flow (see the figure, part b)
•	Fluid inlets and outlets

•	Physiological cell:liquid ratio

Environmental control (see the figure, part c)
•	Mechanical stimulation and actuation

•	Electrical stimulation

•	Environmental control of O2, CO2, pH, nutrients and growth factors

•	On-​demand presence of drugs or toxins

Sensors and physiological readouts (see the figure, part d)
•	Built-​in electrodes

•	Optical readouts

•	Online sensors for biochemical readouts

Figure adapted with permission from Ref.78, RSC.
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Microfluidic hydrogels. Microfluidic hydrogels, refer-
ring to hydrogels with built-​in microchannels, offer 
an alternative method to model tissue interfaces. 
Hydrogels, such as collagen, Matrigel, gelatin and fibrin 
that contain 90 to 99% water, are highly permeable to 
biomolecules and therefore mitigate the need for incor-
porating micropores to improve material permeability, 
as is the case for PDMS-​membrane-based devices or 
polymer-​based devices93. For example, the diffusion 
coefficient of bovine serum albumin (BSA) in water 
(9.14 × 10−7 cm2 s−1) is very similar to the diffusivity of 
BSA in the hydrogel glycidyl methacrylate–hyaluronic 
acid (4.54 × 10−7 cm2 s−1)94. However, the fragile material 

properties of hydrogels make it challenging to shape 
them into stable structures with a defined vascular–
epithelial interface. Microfabrication and 3D printing 
of sacrificial materials can be applied to address this 
issue. Microfabricated microfluidic hydrogels can be 
prepared with complex microchannel networks and 
populated with various types of endothelial cells to cre-
ate organ-​specific vascular networks38,95. 3D printing 
further enables the creation of sophisticated channels, 
for example, of convoluted renal proximal tubules47, 
and thus printing of an entire kidney might be possi-
ble in the near future (Fig. 2c). In contrast to modelling 
the tissue interface as a 2D membrane, the inherent 
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Fig. 2 | Reproducing tissue barrier function. Organ-​on-a-​chip devices can model biological tissue barriers using 
flexible and porous poly(dimethylsiloxane) (PDMS) membranes (panel a), perfusion bioreactors and synthetic 
microfabricated scaffolds (panel b), 3D printing of hydrogels (panel c), moulded hydrogels (panel d), phase-​guided 
hydrogels (panel e), pro-​angiogenic factor and flow-​driven cellular self-​assembly (panel f) and perfusion-​driven 
vasculogenesis (panel g). The unit (panel g) contains three tissue chambers (T1–T3) connected to two microfluidic channels, 
two gel loading ports (L1 and L2), two medium ports (M1 and M2) and one pressure regulator (PR). The micrograph shows 
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Table 1 | Representative organ-​specific epithelial barriers reproduced in organ-​on-a-​chip devices

Cell sources Functional hallmarks Disease models and drug tests Refs

Lung
• Human alveolar epithelial 

cells and microvascular 
endothelial cells

• Human type II alveolar 
epithelial-​like A549 cells

• Bronchial epithelial cells 
(16HBE14o) and primary 
HUVECs

• Formation of alveolar–capillary barrier and cell-​modulated permeability
• Presence of intercellular junction proteins (occludin and VE-​cadherin)
• Presence of air–liquid interface and fluid flow
• Reproduction of breathing using cyclic mechanical strain
• Intracellular production of ROS in response to nanoparticles

• Epithelial stimulation with 
inflammatory cytokine (TNF-​α)

• Escherichia coli infection
• Infiltration of circulating 

neutrophils
• Pulmonary toxicology of silica 

nanoparticles
• IL-2-induced pulmonary 

oedema detected by fluid 
leakage across the air–liquid 
barrier

29,80,97

Small airway
• Primary human AECs 

and primary human lung 
microvascular endothelial 
cells

• Primary human AECs from 
individuals with chronic 
obstructive pulmonary 
disease

• Formation of airway barrier and cell-​modulated permeability
• Presence of continuous tight junction connections (ZO1, PECAM1, 

E-selectin, VCAM1 and ICAM1)
• Formation of air–liquid interface and fluid flow
• Presence of cilia and cilia beating
• Cytokine secretion (IL-8, CCL2, CXCL1, IL-6, GM-​CSF, M-​CSF, CXCL10 

and CCL5)

• Smoke-​induced 
pathophysiology

• Asthma (goblet cell hyperplasia, 
cytokine hypersecretion and 
decreased ciliary function) 
induced by IL-13

• Viral and bacterial infections 
with viral mimic poly(I:C) or LPS 
endotoxin

• Therapeutic modulation of 
inflammatory cytokine and 
chemokine production with 
budesonide and BRD4 inhibitor

• Enterovirus infection 
(coxsackievirus B1)

41,82

Gut
Human intestinal epithelial 
cells (Caco-2)

• Formation of intestinal barrier function; molecular-​mass-dependent 
permeability

• Formation of tubular structure
• Reproduction of gut movement using cyclic mechanical strain
• Presence of intercellular junction proteins (occludin and ZO1)
• Expression of glucose transporter (GLUT2), MRP2 transporters and 

ERBB1 and ERBB2 receptors
• Formation of columnar villi with structural polarity and apical brush 

border (F-​actin and ezrin)
• Microbial co-​culture (Lactobacillus rhamnosus GG)
• Presence of catalytic activity (brush border aminopeptidase activity)
• Polarized cytokine release (IP-10, IL-1β, IL-6, IL-8 and TNF-​α) after injury

• Coxsackie B1 virus infected 
epithelium

• Pathogenic bacteria (Escherichia 
coli or LPS endotoxin) induced 
injury

• Bacterial overgrowth by 
cessation of peristalsis-​like 
mechanical deformations

• Loss of barrier function induced 
by staurosporine and aspirin

40,45,83,84

Kidney proximal tubules
• Primary human PTECs
• Human immortalized 

PTECs (RPTEC/TERT1 and 
ATCC CRL-4031)

• Formation of proximal tubule barrier
• Formation of tubular or convoluted tubular structures
• Separation of tubular flow and interstitial fluid
• Presence of intercellular junction proteins (ZO1, CD13,  

E-​cadherin and N-​cadherin)
• Polarization of epithelium (apical localization of ZO1 and basolateral 

distribution of Na/K-​ATPase)
• Presence of primary cilia (acetylated tubulin)
• Presence of basolateral interdigitations and circular invaginations in the 

basement membrane
• Cellular deposition of laminin and collagen type IV forming a basement 

membrane
• Formation of columnar cell morphology and AQP1 expression
• Shear-​stress-induced production of SGLT2, α-​tubulin,  

Na/K-​ATPase and AQP1 proteins
• High level of albumin uptake, cellular alkaline phosphatase activity and 

glucose uptake
• Shear-​dependent effects on Pgp transporter activity
• Apical localization of γ-​glutamyl transpeptidase and inhibition 

by acivicin
• Glucose uptake inhibited by apigenin and dapagliflozin
• ATP generation from mitochondrial oxidative phosphorylation 

as opposed to aerobic glycolysis
• Transepithelial transport of para-​aminohippurate
• Indoxyl sulfate secretion, which is inhibited by probenecid
• Para-​aminohippurate secretion induced by indoxyl sulfate
• Upregulation of HO1 and KIM1 under CdCl2 treatment

• Cellular injury caused by 
basolateral application of 
cisplatin and subsequent 
recovery

• Cyclosporine A-​induced 
cytotoxicity

39,46–48
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three-​dimensionality of these hydrogel-​based systems 
allows for the investigation of the 3D vascular–epithelial 
interface architecture and its impact on cellular and 
tissue functions, for example, how vessel architecture 
affects thrombus formation37. Nortis Bio, spun off from 
Washington University, is actively commercializing 
similar microfluidic devices with a tubular microchan-
nel embedded inside a hydrogel as vascular and kidney 
models46,48,96 (Fig. 2d).

Organs-​on-a-​plate. Membrane-​based and hydrogel-​
based organ-​on-a-​chip devices can reproduce tissue 
barrier function; however, their commercial use is 
challenging owing to the fact that most conventional 
biological assays rely on multiwell plates and multi-
channel pipetting for liquid handling, but both of these 
approaches need a closed fluid circuit that requires 
external pumps for fluid control. Operating these 
devices requires specialized expertise, hampering their 
clinical translation. To transform membrane-​based 
microfluidic devices to an open multiwell design, pneu-
matic deflection of a membrane suspended in an open 
well can be used to apply mechanical strain on the tis-
sue barrier97. This system, commercialized by Alveolix, 
can be integrated with a microimpedance tomography 

(MITO) system for continuous monitoring of barrier 
permeability and mechanical strains98. Microfluidic 
hydrogel devices can also be adapted to a multiwell plate 
format by applying a phase guide principle to control 
the patterning of hydrogels using a simple pipetting 
technique, thus establishing a hydrogel–liquid inter-
face at which the tissue barrier can be assembled in a 
multiwell plate (Fig. 2e). This system was pioneered by 
Mimetas. Furthermore, gravity-​driven flow can be used 
to perfuse the system by simply tilting the platform, 
which not only eliminates the use of external pumps 
but also expands the platform to a 384-well plate for-
mat. Using this approach, Mimetas demonstrated the 
3D culture of endothelium, intestinal epithelium and  
neuroepithelial-​stem-cell-​derived neurons45,99–101.

Self-​assembled microvasculature. In contrast to artifi-
cially defining the vascular–epithelial interface, growth 
factors and biochemical signals can be used to trigger 
the self-​assembly of endothelial cells into a perfusable 
microvascular network within a hydrogel. Upon estab-
lishing proper connections to microchannels, such a 
self-​assembled microvasculature can be perfused with  
a microfluidic circuit102,103. A variety of designs are 
available to improve vascular anastomosis with 

Cell sources Functional hallmarks Disease models and drug tests Refs

Kidney glomerulus

• Human-​iPSC-derived 
podocytes and human 
glomerular microvascular 
endothelial cells

• Human immortalized 
podocytes

• Murine glomerular 
endothelial cells and 
murine podocytes 
(MPC-5)

• Primary glomeruli isolated 
from the renal cortices of 
4-week-​old rats

• Formation of glomerulus barrier and modulated permeability for large 
(albumin) and small (inulin) model proteins

• Presence of fluid flow and mechanical strain
• Presence of structural proteins (PAX2, WT1, nephrin, podocin, F-​actin, 

synaptopodin, ZO1 and vimentin)
• Expression and phosphorylation of PKCλ/ι, which potentially transports 

nephrin to the cell surface
• Presence of primary and secondary cell foot processes
• Molecular uptake of exogenous albumin
• BSA filtration
• Expression of FcRn (a receptor for albumin and IgG transport) and 

GLUT-1 (glucose transport protein)
• Increased ratio of cytoplasmic to nuclear nephrin under mechanical 

strain
• Urinary clearance of albumin and inulin molecules
• Production and distribution of collagen type IV forming a basement 

membrane
• ROS production in response to high glucose concentration

• Adriamycin-​induced glomerular 
injury

• Hypertensive nephropathy with 
increased perfusion rate

• Filtration dysfunction under 
high glucose conditions

42,258,259

Placenta

• BeWo b30 human 
trophoblast cell line and 
human primary placental 
villous endothelial cells

• Human trophoblasts and 
HUVECs

• Formation of placenta barrier and cell-​modulated permeability for 
large proteins

• Compartmentalized fetal and maternal chambers with fluid flow
• Expression of structural proteins (E-​cadherin)
• Cellular deposition of laminin forming a basement membrane
• Formation of widespread microvilli on the apical cell surface (F-​actin)
• Trophoblast syncytialization in response to forskolin treatment shown 

by the reduction of barrier permeability and E-​cadherin expression
• Elevated β-​human chorionic gonadotropin secretion in response to 

forskolin treatment
• Expression and localization of GLUT1 transporters at apical membrane
• Glucose transfer to fetal compartments

None 88,260

AECs, airway epithelial cells; AQP1, aquaporin 1; BRD4, bromodomain-containing protein 4; BSA, bovine serum albumin; CCL, CC-chemokine ligand; CXCL, 
CXC-chemokine ligand; FcRn, neonatal Fc receptor; GLUT1, glucose transporter 1; GM-CSF, granulocyte–macrophage colony-stimulating factor; HO1, haem 
oxygenase 1; HUVEC, human umbilical cord vein endothelial cell; ICAM1, intercellular adhesion molecule 1; IgG, immunoglobulin G; IL, interleukin; iPSC, induced 
pluripotent stem cell; KIM1, kidney injury molecule 1; LPS, lipopolysaccharide; M-CSF, macrophage colony-stimulating factor; PAX2, paired box 2; PECAM1, 
platelet endothelial cell adhesion molecule; Pgp, permeability glycoprotein; PKC, protein kinase C; poly(I:C), polyinosinic-polycytidylic acid; PTECs, proximal 
tubular epithelial cells; ROS, reactive oxygen species; SGLT2, sodium glucose cotransporter 2; TNF, tumour necrosis factor; VCAM1, vascular cell adhesion protein 1; 
VE-cadherin, vascular endothelial cadherin; WT1, Wilms tumour 1; ZO1, zonula occludens protein 1.

Table 1 (cont.) | Representative organ-​specific epithelial barriers reproduced in organ-​on-a-​chip devices
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Table 2 | Representative organ-​specific vascular and lymphatic barriers reproduced in organ-​on-a-​chip devices

Cell sources Functional hallmarks Disease models and drug tests Refs

Blood–brain barrier

• Primary neurons, astrocytes  
and endothelial cells (HUVECs 
and hCMEC/D3)

• Brain endothelial cells (b.End3) 
and astrocytes (C8D1A)

• Primary human-brain-derived 
microvascular endothelial cells, 
pericytes and astrocytes

• Neonatal rat brain capillary 
endothelial cells and neonatal 
rat astrocytes from the cerebral 
cortex of 2-week-​old Sprague 
Dawley rats

• Formation of blood–brain barrier in the presence 
of astrocytes and neurons and cell-​modulated 
permeability

• Formation of tubular vessels
• Presence of structural proteins (DCX, GFAP, ZO1, 

F-actin and VE-cadherin)
• Reduced glutamate transport across the blood–brain 

barrier under flow
• Neurite formation from neurons
• Dose-​dependent transient increase in permeability in 

response to histamine

Inflammation in response to 
lipopolysaccharide endotoxin or 
a cytokine cocktail of TNF-​α, IL-1β, 
CCL2 and CCL8

43,261–264

Blood–retina barrier

HUVECs, primary human lung 
fibroblasts and human retinal 
pigment epithelial cell line 
(ARPE-19 (ATCC))

• Formation of retinal pigment epithelium–choroid 
structure

• Presence of structural proteins (F-​actin, CD31, claudin 5 
and ZO1)

• Cellular deposition of laminin and collagen IV forming  
a basement membrane

• Choroidal neovascularization in response to VEGF 
gradient

Bevacizumab inhibited angiogenic 
sprouting

265

Microvascular networks

• Human endothelial 
colony-forming cell-​derived 
endothelial cells isolated from 
cord blood and human normal 
lung fibroblasts

• Human dermal microvascular 
endothelial cells

• Human kidney peritubular 
microvascular endothelial cells

• HUVECs

• Formation of vascular barrier with perivascular 
interaction

• Vascular sprouting, self-​assembly and perfusion
• Presence of structural proteins (VE-​cadherin, CD31, 

ZO1, F-​actin and β-​catenin)
• Cellular deposition of laminin and collagen IV forming  

a basement membrane
• Changes in F-​actin distribution in response to luminal 

flow
• Assembly of vWF fibres induced by fluid flow
• Interstitial flow modulated endothelial sprouting, 

delocalization of VE-​cadherin, redistribution of cortical 
actin and remodelling of cell–cell junctions

• Endothelial migration in response to paracrine 
signalling and VEGF gradient

• Fenestration in kidney peritubular micro-​vessels 
(expression of PLVAP)

• Elevated gene expression of 
VCAM1, E-​selectin, and ICAM1 
in response to TNF-​α

• Increased leukocyte recruitment 
in response to TNF-​α

• Reduced vascular sprouting 
in response to treatment with 
inhibitors of Rho kinase (Y27633), 
tyrosine phosphorylation 
(Genistein), SRC kinase (PP2) 
and nitric oxide (L-​NAME) 
and enzymes specific to 
heparan sulfate-cell glycocalyx 
component (Heparinase III)

• Differential inhibition of 
angiogenesis by axitinib and 
glycolysis inhibitor (3PO)

37,38,70,72,95,103,105, 

113–115,266–274

Artery

Cerebral olfactory arteries isolated 
from C57BL/6 mice

• Vascular interface with circumferentially aligned 
smooth muscle cells

• Presence of structural protein (F-​actin)
• Dynamic calcium response to phenylephrine treatment
• Vessel dilatation in response to acetylcholine

Dose-​dependent vasoconstriction 
in response to phenylephrine with 
and without nifedipine

275,276

Lymphatic vessels

Primary human dermal lymphatic 
microvascular endothelial cells

• Formation of lymphatic barrier and cell-​modulated 
permeability

• Presence of structural proteins (F-​actin, Podoplanin, 
PROX1, VE-cadherin, PECAM1 and ZO1)

• Lymphangiogenesis in response to paracrine 
interactions with stromal fibroblasts

• Lymphangiogenic sprouting in response to  
increasing gradient of pLFs, VEGF-​A , VEGF-C, bFGF 
and S1P

• Interstitial flow induced lymphatic sprouting
• Enhanced PROX1 activity in response to interstitial flow
• Reduced barrier permeability in response to cyclic AMP 

and phosphodiesterase inhibitor (Ro-20-1724)

Dose-​dependent inhibition of 
lymphatic growth in response 
to FGFR1 and VEGFR2 inhibitor, 
SAR131675 VEGFR-3-TK inhibitor, 
cabozantinib, sunitinib, axitinib, 
FTY720(S)-P (S1PRs), W146 
(S1P1R) and interferon-γ

121,277

bFGF, basic fibroblast growth factor ; CCL , CC-​chemokine ligand; DCX, doublecortin; FGFR1, fibroblast growth factor receptor 1; GFAP, glial fibrillary acidic protein; 
HUVEC, human umbilical cord vein endothelial cell; ICAM1, intercellular adhesion molecule 1; IL , interleukin; PECAM1, platelet endothelial cell adhesion molecule; 
pLFs, prolymphangiogenic factors; PLVAP, plasmalemmal vesicle-​associated protein; PROX1, prospero homeobox 1; S1P, sphingosine-1-phosphate; TNF, tumour necrosis 
factor ; VCAM1, vascular cell adhesion protein 1; VE-​cadherin, vascular endothelial cadherin; VEGF, vascular endothelial growth factor ; VEGFR2, vascular endothelial 
growth factor receptor 2; vWF, von Willebrand factor ; ZO1, zonula occludens protein 1.
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perfusable microfluidic channels, including multiple 
(Fig. 2f) or single (Fig. 2g) inlets and outlets104–109. Using 
this approach, micro-​vessels can be engineered with 
vessel diameters close to the size of native capillaries 
(7–20 µm)110. Moreover, these microvascular networks 
are amenable to biological remodelling and thus vascu-
lar growth, deterioration and maturation in response to 
drugs and biochemical gradients can be monitored111–114. 
The devices are usually perfused with gravity-​driven 
flow but can also be adapted to a multiwell plate format 
for easier use115.

A horizontal compartmentalized layout further ena-
bles incorporation of multiple cell types in a spatially 
defined manner as well as monitoring of intercellular 
interactions using high-​magnification imaging116. For 
example, in a blood–brain barrier model based on the 
co-​culture of neurons, astrocytes and cerebral endothelial 
cells, the exact length and branching morphology of neu-
rites can be traced and quantified over time43. Similarly, 
the entire process of cancer cell extravasation across the 
vascular barrier of microcapillaries can be imaged and 
tracked in models of tumour microenvironments117,118. 
Adjustment of the extracellular matrices and co-​culture 
with cells of different organs cause breast cancer cells 
to exhibit organ-​specific extravasation behaviour44. 
However, in these devices, the parenchymal space is 
inaccessible to users after formation. To overcome this 
limitation, the device can be transformed to an open-​well 
design, in which preformed parenchymal tissues, such as 

tumour spheroids, can be placed on the preformed vas-
cular bed in a multistep seeding approach, improving the 
versatility of this platform and allowing potential inte-
gration of the microvasculature with various models of 
dense solid tissues119,120. Most studies have focused on the 
vasculature and lymphangiogenesis121 thus far, because of 
our in-​depth understanding of the tubulogenesis process 
in these two organ systems. It remains to be seen if the 
same technology is adaptable to tubulogenesis of other 
organs that incorporate epithelial cells.

A variety of engineering methods have been developed 
to build tissue interfaces, and the ideal design will likely 
depend on the specific application and organ interface. 
Organ-​on-a-​chip systems are designed to validate specific 
drug targets and provide high-​value data; however, the 
possibility of high-​throughput screening using cells from 
a large population pool also needs to be considered in 
the device design. Biology is intrinsically variable, and to 
analyse subtle biological responses, data from an array of 
independent biological samples are required to capture 
unexpected drug toxicities in preclinical models.

Reproducing parenchymal tissue
If the epithelial–vascular interface is considered the 
door, then the parenchyma represents the house of a 
living tissue, because parenchymal cells enable the organ 
to function. In contrast to the tissue interface, paren-
chymal tissues have a 3D multicellular architecture, 
which is essential for their function (Figs 3,4; Table 3). 
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Fig. 3 | Reproducing elongated parenchymal tissues. Representative organ-​on-a-​chip devices that model the functions 
of elongated parenchymal tissues using different structural templates. Tissue can compact along microwires (panel a), 
posts can anchor a tissue network (panel b), tissues can hang on upside-​down pillars (panel c), tissues can bridge across 
parallel rods (panel d), tissues can grow on flexible cantilevers (panel e) and tissue can grow along patterned channels 
and in grooves (panel f). Panel a is adapted with permission from Ref.256, Elsevier. Panel b is adapted with permission from 
Ref.130, Elsevier. Panel c is adapted from Ref.126, the publisher for this copyrighted material is Mary Ann Liebert, Inc. 
publishers. Panel d is adapted with permission from Ref.133, Elsevier. Panel e is adapted from Ref.58, Macmillan Publishers 
Limited. Panel f is adapted from Ref.55, CC-​BY-4.0.
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Parenchymal cells are densely packed and precisely 
organized to exhibit organ-​specific functions.

Heart-​on-a-​chip. Cardiotoxicity is a major reason for 
drug recalls (Micturin, Fen-​phen, Seldane, Vioxx and 
Avandia), and if discovered after preclinical and clin-
ical studies, such drugs can cause lethal arrhythmias 
and death; for example, Vioxx has been linked to over 
27,000 instances of heart attack and sudden cardiac 
death, costing Merck nearly $5 billion in criminal and 
civil settlements122. A major challenge for the develop-
ment of suitable in vitro cardiac models for drug testing 
is the inability to obtain a sufficient number of cardio-
myocytes from human hearts or to expand them in vitro 
owing to their limited proliferative capacity. Therefore, 
the pharmaceutical industry uses mathematical models 
and cell lines with overexpressed human ion channels 
(for example, the human ether-​a-go-​go-related gene 
potassium channel 1 (ERG; also known as KCNH2) in 
Chinese hamster ovary cells or human embryonic kidney 
cells), followed by tissue slices from animal hearts and 
in vivo studies in mice, rabbits or dogs to assess cardio-
toxicity. The possibility to differentiate human induced 
pluripotent stem cells (iPSCs) and embryonic stem cells 
(ESCs) into large numbers of cardiomyocytes addresses 
the limitation of the lack of human cardiac cells123; how-
ever, many differentiation protocols result in cells that are 
structurally and functionally immature, resembling fetal 
rather than adult human cardiomyocytes, questioning 
their relevance for drug testing.

We have pioneered a system that uses electrical 
stimulation to improve the maturation of cardiac tis-
sue in vitro, which is being commercialized by TARA 
Biosystems54,124,125 (Fig. 3a). Engineered cardiac tissue that 
is stimulated by a dynamic electrical field of ramped-​
up frequency displays various hallmarks of maturation, 
such as improved myofibril organization, increased 

conduction velocity and cell size, and improved elec-
trophysiology and Ca2+-handling properties, compared 
with non-​stimulated tissues. A similar degree of mat-
uration can also be achieved using mechanical stimu-
lation, because mechanical tension is essential for the 
elongation of cardiomyocytes and to establish aligned 
cardiac bundles in three dimensions56,57,60,126–131 (Fig. 3b). 
Achieving adult-​like maturation in engineered cardiac 
tissue is key for commercialization. Therefore, optimiza-
tion of cell culture and protocols is required to generate 
mature cardiomyocytes with positive force–frequency 
relationships, post-​stress potentiation, the presence of 
transverse tubules and highly organized mitochondria.

Methods are further required to readily probe tis-
sue function in response to drug stimulation. In ani-
mal studies, changes in cardiomyocyte contraction are 
quantified by measuring ejection fraction, fractional 
shortening and systolic function. However, these data 
can be confounded by multiple parameters, such as 
changes in drug permeability, making it difficult to 
decouple the mechanisms of action. Various organ-​
on-a-​chip platforms have been established to directly 
probe the contraction dynamics of engineered cardiac 
muscles. In the most widely used model, the cardiac 
tissue is wrapped around and suspended between two 
elastic posts (Fig. 3c). The passive and active bending of  
the posts is then correlated to the passive tension and the  
active force of tissue contraction. Alternatively, a 
cantilever-​like device enables the measurement of car-
diac contraction by optical detection132. An I-​wire sys-
tem can further be used to detect cardiac contraction 
using an external probe59,133 (Fig. 3d). However, micro-
scopic imaging or the use of expensive force probes does 
not allow high-​throughput measurements to continu-
ously and simultaneously track the functional changes 
of multiple tissues. To overcome this limitation, flexi-
ble cantilevers can be embedded with strain sensors to 
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Fig. 4 | Reproducing spherical parenchymal tissues. Spherical parenchymal tissues can be generated and modelled by 
micropatterned clusters (panel a), inverted pyramidal wells (for self-​aggregation) (panel b) and 3D multilayer bioprinting 
(panel c) or through rolled-​up scaffolds that wind and unwind (panel d), hanging droplets (panel e) and microfluidic cell 
trapping (panel f). Panel a is adapted from Ref.50, Macmillan Publishers Limited. Panel b is adapted with permission from 
Ref.144, AAAS. Panel c is adapted with permission from Ref.257, IOP Publishing. Panel d is adapted from Ref.149, Macmillan 
Publishers Limited. Panel e is adapted from Ref.51, Macmillan Publishers Limited. Panel f is adapted with permission from 
Ref.175, RSC.
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Table 3 | Representative organ-​specific parenchymal tissues reproduced in organ-​on-a-​chip devices

Cell sources Functional hallmarks Disease models and drug tests Refs

Cardiac myocardium
• Human-​

pluripotent-stem-​
cell-derived 
cardiomyocytes

• Neonatal rat 
ventricular cells from 
2-day-​old neonatal 
Sprague Dawley rats

• Formation of aligned 3D tissue
• Presence of structural proteins (α-​actinin, F-​actin, sarcomeric 

α-​actinin, troponin T, Cx43, vimentin, heavy chain of myosin II, 
N-cadherin and desmoplakin)

• Rod-​like cellular shape
• Lack of spontaneous contraction, low excitation threshold and high 

maximum capture rate in response to electrical stimulation
• Presence of organized sarcomere structures (desmosomes, I bands 

and H zones)
• Colocalization of T-​tubules (caveolin 3) with Z-​lines
• Regularly distributed mitochondria
• Presence of multinucleation, large sarcomere length and cell area
• Localization of gap junctions to intercalated discs
• Increase in Ca2+ transient in response to caffeine
• Inhibition of L-​type Ca2+ channels by verapamil or nifedipine and 

blockade of SERCA channels by thapsigargin
• High level of ERG tail current density , IK1, current density and cell 

capacitance
• Low level of cell membrane potential
• High level of conduction velocity and anisotropy in action potential 

propagation
• Upregulation of sarcomere-​associated genes (MYL2, TNNI3, ACTN2, 

MYH7 , MYL3, TNNC1, TNNT2, MYH11 and SORBS1), ion transporters 
and regulatory proteins

• Chronotropic and inotropic response to β-​adrenergic stimulation
• Change in tissue elasticity in response to blebbistatin
• High active force of contraction
• Presence of tissue length–tension relationship that follows the 

Frank–Starling curve

• Drug-​induced and stress-​induced 
hypertrophy

• Cardiac fibrosis
• Chronic treatment with isoprenaline, 

angiotensin II or endothelin 1
• Arrhythmia with incomplete re-​entrant 

wave-​like system and defibrillation by 
electrical stimulation

54,57,59, 

124,130, 

278–282

Skeletal muscle
• Motor neurons 

differentiated from 
mouse embryonic 
stem cell line HBG3 
(Hb9-GFP)

• Mouse myoblasts 
(C2C12)

• Skeletal muscle 
dissected from the 
hindlimb of the rat fetus 
at embryonic day 18

• Formation of elongated 3D skeletal muscle
• Presence of neuromuscular junction (myosin heavy chain and β-​III 

tubulin)
• Colocalization of nerve terminals (indicated by synaptophysin) 

and AchR (indicated by BTX-488)
• Structural protein expression (α-​actinin, F-​actin and myogenin)
• Delayed muscle stimulation in response to glutamate

None 132,229,283

Liver
• Pluripotent-​stem-cell-​

derived human 
hepatocytes and 
murine embryonic 
3T3-J2 fibroblasts

• Primary human 
hepatocytes

• Immortalized 
hepatocyte cell line 
(HepG2)

• Primary mouse, rat and 
dog hepatocytes

• Monolayer co-​culture of stromal cells, Kupffer cells and stellate cells
• 3D co-​culture of stromal cells, Kupffer cells and stellate cells
• Presence of structural proteins (ZO1 and E-​cadherin)
• Formation of bile canaliculi (MRP2) and transport of fluorometric dye
• Cell polarity (basolateral marker CD26)
• High level of urea and albumin production and secretion
• High level of activities of phase I (CYP450) and phase II 

(conjugation) enzymes
• Modulation of gluconeogenesis by prototypical hormones, insulin 

and glucagon
• mRNA expression of key glucose metabolism genes 

(phosphoenolpyruvate carboxykinase 1) and phase I and II genes
• Production of human-​unique metabolites through CYP2C9, 

UGT1A4, aldehyde oxidase or N-​acetyltransferase

• Drug toxicity screening with acetaminophen, 
amiodarone, benzbromarone, clozapine, 
diclofenac, flurbiprofen, mebendazole, 
mefenamic acid, phenacetin, 
phenylbutazone, quinine, trazodone 
HCl, troglitazone, aspirin, buspirone, 
dexamethasone, dextromethorphan 
HBr, fluoxetine, miconazole, prednisone, 
propranolol, rosiglitazone, warfarin, 
acetazolamide, betahistine 2HCl, captopril, 
chloramphenicol palmitate, ciprofloxacin 
HCl, clomiphene citrate, clomipramine, 
cyclophosphamide, cyproterone acetate, 
danazol, dapsone, estrone, hydroxyurea, 
imipramine HCl, isoniazid, maleic acid, 
methimazole, nifedipine, norgestrel, 
nortriptyline HCl, piroxicam, progesterone, 
pyrazinamide and tamoxifen

• Inhibition of gluconeogenesis by metformin 
and 3-mercaptopicolinic acid

• Hyperglycaemia-​induced lipid accumulation

49,50, 

53,70, 

138–140, 

143,148, 

160,163, 

284–286
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Cell sources Functional hallmarks Disease models and drug tests Refs

Liver (cont.)

• Hepatic clearance of warfarin, meloxicam, 
tolbutamide, diazepam, alprazolam, 
glimepiride, theophylline, prednisolone, 
riluzole, voriconazole, risperidone, 
flecainide, atomoxetine, diclofenac, 
atazanavir, midazolam and lidocaine

• Hepatitis B and C virus infection
• Pro-​inflammatory cytokines associated 

infection and inflammation
• Compound-​induced fibrogenesis 

(methotrexate, thioacetamide and 
TGF-​β1)

• Trovafloxacin-​induced dose-​dependent 
toxicity

Tumour

• Breast cancer cells 
(MDA-MB-231, 
MCF-7 , HTB-133 and 
MDA-​MB-361)

• Non-​metastatic 
mammary epithelial 
cells (MCF-10 A)

• Colorectal cancer cells 
(HCT116, SW620 and 
SW480)

• Melanoma cell line 
(MNT-1)

• Osteosarcoma (MG-63 
cells, CRL1543 and 
ACC 243)

• Lung adenocarcinoma 
cells (A549)

• Ductal carcinoma 
in situ cell lines (DCIS)

• Formation of cancer spheroids integrated with perfusable 
microvasculature

• Tumour extravasation and intravasation across vascular  
barrier

• Macrophages and TNF-​α-regulated cancer intravasation
• Differential cancer cell extravasation rate in organ-​specific 

microenvironments (for example, bone and muscle)
• Changes in the rate of cancer cell extravasation induced by 

fluid flow
• Inhibition of cancer extravasation by adenosine
• Reduced tumour growth in response to chemotherapeutical 

drugs (vinblastine, docetaxel and doxorubicin)
• Vinblastine-​induced sensitization to radiation therapy
• Presence of oxygen and biochemical gradient  

and induced differential response to doxorubicin and radiation 
therapy

• Epithelial–mesenchymal transition accompanied by changes of 
vimentin and E-​cadherin expression

• Cancer growth inhibition by intravenous administration of 
paclitaxel

• Drug screening on tumour growth and 
associated vasculature (bortezomib, 
vincristine, mitomycin C, gemcitabine, 
vorinostat, tamoxifen, linifanib, axitinib 
and sorafenib, pazopanib, oxaliplatin, 
folinic acid (leucovorin) and 5-fluorouracil)

• Inhibition of cancer dispersion and 
proliferation by kinase inhibitors

44,89, 

112,115, 

117,118, 

287,288

Adipose tissue

Murine 3T3-L1 pre-​
adipocyte-derived 
adipose cells

• Perfusable vascular and adipose tissue interface
• Uptake of fatty acid

None 172

Peripheral nerve

• Dorsal root ganglia 
cells from embryonic 
day 5–16 rats

• Oligodendrocytes from 
newborn rat cerebral 
cortices

• Low-​density 
hippocampal cultures 
from embryonic day 
18 rats

• Rat cortical neurons 
from embryonic day 
17–18 rat cortices

• Human iPSC-​derived 
neuroepithelial stem 
cells

• Compartmentalization of glial cells and neurites
• Presence of structural proteins (axonal neurofilament-​H, α-​tubulin, 

actin, tau-1 and MAP2)
• Myelination by Schwann cells (MBP)
• Formation of nodes of Ranvier (localization of CASPR in the 

paranodal regions that flank the nodes of Ranvier)
• Association of oligodendrocytes with multiple axons
• Polarization of neuron growth
• Compartmentalization of corticostriatal neuronal networks
• Improved neurite outgrowth in response to treatment with 

ROCK inhibitor (Y27632); waveform properties characteristic of 
compound action potentials

• Elimination of field potential response by 
Na+ channel blocker (tetrodotoxin)

• Axonal degeneration after nerve 
compression

• Axonal fragmentation induced by somatic 
Aβ peptide

• Remote trans-​synaptic alterations in 
response to somatic applications of 
β-​amyloid peptides in corticostriatal 
neuronal networks

99,289–297

AChR , acetylcholine receptor ; CASPR , contactin-​associated protein 1; Cx43, connexin 43; CYP450, cytochrome P450; ERG, ether-​a-go-​go-related gene potassium 
channel 1; iPSC, induced pluripotent stem cell; MAP2, microtubule-​associated protein 2; MBP, myelin basic protein; MRP2, multidrug resistance-​associated protein 2; 
ROCK , Rho-​associated protein kinase; SERCA , sarcoendoplasmic reticulum calcium transport ATPase; Tau-1, microtubule-​associated protein tau; TGF, transforming 
growth factor ; TNF, tumour necrosis factor ; ZO1, zonula occludens protein 1.

Table 3 (cont.) | Representative organ-​specific parenchymal tissues reproduced in organ-​on-a-​chip devices
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electrically and simultaneously detect the contraction 
of multiple cardiac tissues58 (Fig. 3e). This system is one of  
the first organ-​on-a-​chip devices that was completely 
manufactured by 3D printing58.

These microscale organ-​on-a-​chip devices can also 
be scaled up for high-​throughput measurements at lower 
cost and with fewer biological resources than systems 
that require a large amount of expensive media for the 
culture of cardiomyocytes derived from pluripotent stem 
cells. Furthermore, cardiac models based on microflu-
idics (Fig. 3f) reduce the number of cardiomyocytes from 
millions of cells to several thousand cells per tissue55, 
compared with other macroscale systems. Given the 
high cost of cardiomyocytes, this reduction in cell num-
ber and reagents leads to considerable savings in the 
acquisition of experimental data.

Liver-​on-a-​chip. Liver toxicity is another major cause  
of drug recalls, making up 32% of all cases of post-​
approval drug withdrawals between 1975 and 2007 
(Ref.134) (for example, trovafloxacin135). The liver is the 
first organ that ingested drugs encounter after entering 
the bloodstream. In contrast to cardiomyocytes, hepato
cytes, the metabolic engine of the liver, can proliferate 
and be obtained from human biopsies and thus there is 
no shortage of human hepatocyte cell sources. However, 
maintaining the functionality of hepatocytes in vitro 
can be challenging, because the liver-​specific functions 
of hepatocytes, such as enzymatic activity and albumin 
secretion, rapidly deteriorate after removal from their 
native environment. Cell polarity, oxygen gradients, 
access to bile canaliculi and microvasculature are imme-
diately lost after liver tissue dissociation. Therefore, met-
abolic function and enzymatic activity of hepatocytes 
substantially decrease within 1 week of in vitro culture.

Heterotypic (crosstalk between different cell types) and  
homotypic (crosstalk between the same cell type) inter-
actions between hepatocytes and stromal cells are crucial 
for maintaining hepatocyte functions in vitro49,50,136–140. To 
investigate these cellular interactions, a micropatterning 
technique can be applied to deposit clusters of hepatocytes 
and stromal cells on a 2D surface. The balance of homo-
typic and heterotypic interactions can be fine-​tuned by 
varying cluster size and separation distance to keep hepat-
ocytes functional in culture for weeks50. This technology 
was commercialized as HepatoPac by Hepregen, which 
was later acquired by Ascendance Biotechnology (Fig. 4a). 
In a collaborative study with Pfizer141, HepatoPac tested  
45 drugs using chronic drug exposure over 14 days to 
assess drug toxicity with a 65% success rate, which is a sig-
nificant improvement over conventional platforms141,142. 
However, the mechanisms of action of many drugs are 
modulated by inflammatory pathways. For example, 
a drug could indirectly affect liver cells by altering the 
secretion of histamine and cytokines from immune cells 
in the liver. Therefore, to improve the accuracy of toxicity 
screening, macrophage-​like primary human Kupffer cells 
and hepatic stellate cells can be incorporated into the sys-
tem to assess the effects of pro-​inflammatory cytokines 
on liver toxicity143.

Intaglio-​Void/Embed-​Relief Topographic (InVERT) 
moulding138 enables the 3D micropatterning of tissue 

cultures and can be applied to pattern 3D aggregates 
of stromal cells and hepatocytes in a hydrogel (Fig. 4b). 
This hydrogel system shows good engraftment in mice 
and grows in size by 50-fold over 11 weeks, represent-
ing a substantial level of regeneration144. Organovo, a 3D 
bioprinting company, also builds 3D liver models for 
toxicity screening in collaboration with pharmaceutical 
companies (for example, GlaxoSmithKline, GSK). They 
apply 3D printing for cell patterning, which is especially 
useful for hepatocyte culture owing to the importance of 
heterotypic and homotypic cell interactions53,145–148 and 
the spherical morphology of these cell clusters (Fig. 4c). 
Moreover, the tissues printed by Organovo are large 
in size; they can generate a disc-​shaped tissue with a 
minimal thickness of 250 μm (Ref.53), which is ideal for 
the modelling of biochemically induced liver fibrosis148 
and for assessment by histological sectioning, which is 
a standard technique used in the clinic to detect liver 
disease and drug toxicity. However, in a thick 3D tis-
sue, chemical and oxygen gradients are formed, affect-
ing cellular function and response. Rolled-​up tumour 
tissue (tumour roll for analysis of cellular environ-
ment and response, TRACER) that can rapidly assem-
ble and delaminate can be used to spatially resolve, 
quantify and analyse the effects of hypoxic gradients on  
cancer cell metabolism and phenotype149 (Fig. 4d).

Hanging drop technology can be applied to cre-
ate cell aggregates in suspension, which is a desirable 
microenvironment for liver, pancreas or tumour cells 
(Fig. 4e). This technology has been commercialized by 
inSphero52,150–153 and 3D biomatrix154,155. Alternatively, 
microfluidic trap arrays can be used for high-​through-
put trapping and screening of hundreds of cell aggregates 
or even microorganisms156–159 (Fig. 4f). Combined with 
microfluidic perfusion circuits, tissue aggregates can also 
be cultured in a perfusable microenvironment, in which 
multi-​organ interactions can be readily established52,152. 
HµREL is one of first companies in the liver toxicity 
field. Some of their technologies that are currently being 
developed originated from Michael Shuler’s early work 
on a microscale cell culture analogue (μCCA)17,160–163, 
enabling perfusion culture of liver cells from human, 
dog and rat. The platform is particularly useful in pre-
dicting hepatic clearance using continuous recirculation 
of culture media over a hepatocyte monolayer164.

Body-​on-a-​chip
Integrated systems with multiple microscale cellular 
environments can be designed to simulate the systematic 
function of the human body and to predict the pharma-
cokinetics (PK) of new drugs (Fig. 5). Body-​on-a-​chip 
devices coupled with PK models aim to mimic the physi-
ological complexity of inter-​organ interactions. For exam-
ple, such systems could be used to assess how the human 
body absorbs, distributes, metabolizes and eliminates 
(known as ADME) drugs or how hormonal signalling is 
orchestrated across multiple organs. However, the chal-
lenge remains of how to replicate the proportional scaling 
of each organ to reflect physiologically relevant interac-
tions165,166. Various physiological parameters, such as the 
surface area of tissue barriers, organ mass, blood residence 
time and variation in tissue metabolism and functionality, 
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need to be considered in the scaling process. However, 
the interplay of these factors in the body is still unknown 
for many organs. Body-​on-a-​chip devices in conjunction 
with computational modelling could potentially provide 
the necessary tools to gain insight into these interactions.

Inter-​organ signalling. A microfluidic cell culture device 
based on 14 compartments representing 13 organs has 
been developed as a body-​on-a-​chip approach to model 
inter-​organ crosstalk and to assess the relationship 
between organ volume and blood residence time62 (Fig. 5). 
The organ models were categorized as barrier tissues and 
non-​barrier tissues, and drugs were forced to first pass 
through the barrier tissues (skin, gastrointestinal (GI) 
tract and lung) before entering the fluid circulation and 
non-​barrier tissues. Although only five cell lines were 
used, this proof-​of-concept study demonstrated that cells 
can be kept viable for at least 1 week, which is remarkable 
given the complexity of the system. Alternatively, fewer 
organ models can be included to better characterize the 
interaction between different organs63,167,168. In these 
devices, fluid perfusion is achieved by gravity-​driven 
flow, without the need for an external pump, simpli-
fying the experimental setup62,169. Fluid circulation on 
a chip can also be realized with built-​in micropumps. 
For example, TissUse developed a series of platforms 
equipped with built-​in micropumps to maintain multi-
ple distinct circulation systems (for example, surrogate 

blood flow circuit and an excretory flow circuit) sepa-
rated by organ-​specific epithelial cells cultured on plastic 
membranes67,155,170. These platforms can be used to model 
multi-​organ interactions, specifically the ADME profile 
of drugs (Fig. 5). Similarly, a two-​organ system, includ-
ing pancreatic islets and liver spheroids, can be used to 
model the functional feedback loop of insulin secretion 
and glucose uptake between the pancreas and the liver. 
The experiments were conducted by two independent 
laboratories to establish robustness and reproducibility 
of the platform, which will allow researchers to model 
the pathogenesis of human type 2 diabetes mellitus171. 
However, white adipose tissue (WAT), which is an 
insulin-​sensitive organ and an energy storage site that 
plays an important role in diabetes and affects the ADME 
profile of drugs through the sequestering of hydropho-
bic drugs, is not included in most multi-​organ mod-
els. Owing to their fragility, buoyancy and transparent 
nature, the handling and culture of adipose cells within 
microfluidic devices are difficult. To overcome this chal-
lenge, a WAT-​on-a-​chip device prototype has been devel-
oped to culture and maintain adipose tissue that is able to 
uptake fatty acids after 2 weeks in culture172. The human 
reproductive tract and the 28-day menstrual cycle can 
be modelled by the co-​culture of explanted mouse ova-
ries and human fallopian tube, uterus, cervix and liver64 
(Fig. 5). This modular platform allows for analysis of the 
effect of different hormonal profiles on the menstrual 
cycle. A body-​on-a-​chip system can also be built with 
each tissue model residing on a different chip. For exam-
ple, a functional coupling approach can be used to inte-
grate two or four different human microphysiological 
systems located at multiple different physical locations 
to study inter-​organ effects of common drugs66 (Fig. 6).

Incorporating quantitative systems pharmaco
logy into body-​on-a-​chip systems is important to gain 
insight into the complex pharmacokinetics and biologi-
cal interactions that arise from a multi-​organ model. For 
example, a quantitative systems pharmacology approach 
can be applied to a perfused multiwell plate liver and 
immune model to measure the metabolism of hydro-
cortisone and the secretion of IL-6 and tumour necrosis 
factor (TNF)-α and to derive pharmacokinetic param-
eters. These parameters can then be implemented into 
a four-​organ microphysiological system173. The integra-
tion of computational analysis and sufficiently complex 
microphysiological systems will certainly prove useful to 
better capture unanticipated actions of drugs174. Multi-​
organ systems can be augmented using other biofab-
rication techniques, such as hanging drop technology 
(Fig. 7a) or 3D printing (Fig. 7b), to improve the structural 
fidelity of modelled tissues. Using these technologies, 
the tissues can be first customized and then incorpo-
rated into a microfluidic system, which can be equipped  
with complex fluid circuits for automatic sampling 
and with built-​in sensors for online readouts.

Inter-​organ cell migration. Most multi-​organ-on-​
a-chip systems focus on the modelling of biochemical 
signalling, and biochemical signals can be readily trans-
ported in the circulating fluid. However, only a few plat-
forms have been developed to capture the inter-​organ 
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trafficking of living cells. In the body, immune cells, 
white blood cells and cancer cells are transported in the 
circulation system across multiple organs, a key event 
in cancer metastasis. We developed a 96-well plate plat-
form, called integrated vasculature for assessing dynamic 
events (InVADE), that can be integrated with multiple 
3D vascularized tissues through a common built-​in 
vasculature175 (Fig. 7c). In this system, a continuous and 
short vascular connection between the different organs, 
with no dead volume, allows effective cell migration 
and transport. The multiwell plate platform further uses 
gravity-​driven flow, is easy to use and enables modelling 

of the entire cancer metastasis cascade involving cancer 
cell extravasation from the tumour, transportation in the 
circulation and infiltration of a distant organ. HμREL 
in collaboration with L’Oreal is developing an Allergy 
Test-​on-a-​Chip device to model allergic reactions, which 
involve the migration of immune cells from the lymph 
node to the skin. This two-​organ system contains two 
chambers, which are separated by an array of microflu-
idic channels, to maintain a chemical gradient across 
the organs. The chemical gradient drives the migration 
of immune cells, such as dendritic cells or T cells, from 
the lymph node compartment to the skin compartment, 
mimicking an allergic reaction176.

Organ scaling in body-​on-a-​chip devices remains a 
challenge. However, the modelling of inter-​organ bio-
chemical crosstalk, of the ADME profile of drugs and 
of cellular trafficking across multiple organs is already 
possible with current platforms. The differences in  
the physiology of men and women further complicate the  
testing of disease mechanisms and drug efficacy using 
common in vitro and in vivo models; for example, treat-
ment of pregnant women with the drug thalidomide, 
designed in the late 1950s to treat morning sickness, 
resulted in 10,000 severe birth defects177, which could 
have been predicted using embryonic animal models178. 
Body-​on-a-​chip systems can be applied to model sex-​
specific hormonal levels and reproductive organs  
to correct the existing sex bias in clinical research and to 
gain a deeper understanding of the sex-​specific mech-
anisms of drugs179. However, many proof-​of-concept 
body-​on-a-​chip systems have used immortalized cell 
lines and primary animal cells that lack physiological 
relevance. Thus, validation experiments using relevant 
human cell types will be required to demonstrate the 
clinical applicability of these platforms.

Challenges and outlook
Materials. Materials for organ-​on-a-​chip engineering 
need to be designed for both the engineering of the 
device and to support cell culture. Thus, one type of bio-
material needs to fulfil a range of requirements. PDMS 
has been the favourite material for the microfabrication-​
based rapid prototyping of devices owing to its advan-
tages over standard polystyrene tissue culture plastic76. 
PDMS has an elastic modulus in the range of ~1–3 MPa 
and thus is highly compliant and deformable, making it 
applicable for replica moulding and microfluidic han-
dling. PDMS can also be plasma functionalized to stack 
and bind multiple layers of PDMS together, enabling 
the fabrication of networks of microstructures180. For 
example, micromechanical devices can be built based 
on channels, pneumatic pumps and valves for micro 
total analysis ‘lab-​on-a-​chip’ systems181,182. Pneumatically 
controlled deformation across microchannels enables 
the programmed circulation of small quantities of rea-
gents and fluids directly on the chip, allowing for the 
scale down of lab experiments, for example, for chemical 
analyses, cell capturing, transfection and immunoassays, 
by using multiplexed high-​throughput patterning183–185. 
Similarly, the elastic deformation of PDMS can be used 
for the creation of biomimetic cell culture scaffolds, such 
as cyclically stretched lung-​on-a-​chip or other interfacial 
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tissue-​on-a-​chip systems29,42. Bending of PDMS posts 
can further be applied to mechanically stimulate paren-
chymal cardiac tissue, inspired by the beating of the 
heart186. Moreover, PDMS is optically transparent and 
therefore accessible to optical microscopy to image fluid 
flow in the device. Finally, PDMS is biocompatible and 
oxygen permeable, making it suitable for biological 
experiments. However, the same material properties 
that are of advantage for microscale bioengineering also 
impart several challenges. For example, flexibility can 
lead to unwanted bulging and distortion if not carefully 
adjusted, gas permeability makes devices susceptible to 
medium evaporation and bubble formation, and PDMS 
absorbs and can subsequently leach out hydrophobic 
drugs and compounds in the culture medium76. These 
features compromise the consistency and accuracy of 
experiments, which is problematic owing to the small 
working volumes and high surface-​to-volume ratio. 
Therefore, drug-​inert polystyrene has been the stand-
ard material for cell culture for many decades, providing 
stability to reliably conduct biological experiments.

Many organ-​on-a-​chip companies that produce 
conventional multiwell plate formats are incorporat-
ing polystyrene (for example, Mimetas, AIM Biotech, 
InSphero and TARA Biosystems); however, in contrast to 
elastic PDMS, polystyrene is rigid. Therefore, new non-​
absorbent elastomeric materials need to be developed for 
applications that require an elastic material. Many new 
materials, such as styrene–ethylene/butylene–styrene 
and polyurethane elastomers187–190, have already been 
developed specifically for organ-​on-a-​chip engineering, 
featuring properties such as castability, flexibility, optical 

transparency and non-​absorption; however, they have not 
yet been widely adopted. Alternatively, coating technolo-
gies using parylene191 or paraffin192 can be applied to ren-
der PDMS non-​absorbent, but they might negatively affect 
cell attachment. Hydrophilic materials, such as hydrogels71 
and polyesters193,194, which are less drug-​absorbent than 
PDMS, have also been used. Ultimately, the desired mate-
rial properties will depend on the specific application, 
potentially shifting the industry towards a case-​by-case 
approach regarding material selection. Alternatively, 
organ-​on-a-​chip devices could benefit from the inte-
gration of components made from multiple different 
materials to satisfy various design criteria simultaneously.

Cellular fidelity. The validity of a cell or tissue model 
strongly depends on the cells used to create it. Cells can 
be obtained from immortalized cell lines, ESCs, iPSCs 
or animal or human samples. Most organ-​on-a-​chip 
technologies have used cell lines to model human phys-
iology thus far, especially for initial device validation. 
However, serial passaging of cells and genetic changes 
made to immortalize cell lines alter cell genotype and 
phenotype195. Stem-​cell-derived progenitor or mature 
cells, especially cells derived from patients, provide 
greater clinical value and enable more accurate disease 
modelling than cell lines196. ESCs and iPSCs are highly 
proliferative and retain their pluripotent potential in 
culture; therefore, they can be differentiated into any 
desired cell type in vitro. Immature progeny derived 
from stem cells can be cultured in the specific microen-
vironments of organ-​on-a-​chip devices to induce their 
maturation197. Primary, mature cells certainly constitute 
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the most relevant cell type for the analysis and modelling 
of functional tissue models; however, primary cells are 
challenging to collect in sufficiently high numbers, and 
removal from their native environment often results in 
dedifferentiation and rapid functional decline, affecting 
their maturity198.

iPSCs, obtained through the reprogramming of 
somatic cells, offer a good compromise199. Patient-​
specific iPSCs can be combined with organ-​on-a-​chip 
technologies to personalize devices, constituting a 
powerful tool to optimize drug dosages for individ-
ual patients200–202. Drug responses studied in large 
populations with different genetic backgrounds are 
variable203,204, and iPSCs from patients with genetic 
mutations could refine drug response studies. Large 
libraries of iPSCs are available in Europe (for example,  
by the Wellcome Trust, UK) and in the US (National 
Institutes of Health and California Institute for 
Regenerative Medicine)205. Disease models have 
already been generated using cardiomyocytes 
obtained by differentiating iPSCs from patients with 
Timothy syndrome206, long QT207, LEOPARD208, 
Barth209 syndrome and dilated cardiomyopathy210. Gene 
editing technologies211,212 could further be used to gen-
erate multiple genetic diseases derived from a single 
healthy stem cell, enabling the production of relevant 
personalized tissue models.

Pluripotent stem cells can also be expanded into 
heterogenous cell populations, which can self-​organize 
into organoids. Various epithelial and epithelial–
mesenchymal organoids have been developed from 
human iPSCs, for example, corneal and retinal213,214, 
liver215, pancreas216,217, gut218, brain219, kidney74 and 
lung220 organoids221. Organoids are 3D and hetero
geneous and thus offer a high level of fidelity in terms 
of gene and protein expression, tissue morphology and 
metabolic and physiological functions. However, chal-
lenges remain in terms of reproducibility, diffusion, 
control over perfusion and input–output parameters, 
applicability of built-​in functional readouts and other 
microenvironmental considerations. The synergistic 
engineering of organ-​on-a-​chip and organoid technol-
ogies will overcome these challenges and deliver on the 
promise of precision medicine75.

Multiplexing and fluid handling. An essential part 
of organ-​on-a-​chip technology is fluid handling. The 
fluid component affects both the precision of control 
over cellular microenvironments and the strategy for 
device multiplexing. Different perfusion techniques 
can be incorporated into organ-​on-a-​chip devices to 
enable continuous media recirculation222. For example, 
external pumps (that is, syringe, vacuum or peristaltic 
pumps)65,223 can be used, which offer great control of 
fluid dynamics in microfluidic systems. However, con-
necting multiple tube setups requires expertise to avoid 
the formation of air bubbles. The dilution of secreted 
growth factors in a microfluidic chip using large media 
reservoirs is also a major concern. In an integrated sys-
tem, controlling culture parameters, such as supply of 
nutrients and oxygen, removal of cellular waste and 
toxins and diffusion of metabolic or angiogenic factors, 

is crucial to stimulate physiologically relevant crosstalk 
between cellular components224. These factors depend 
on the correct physiological cell-​to-liquid ratio, which 
can be achieved by maintaining continuous media recir-
culation in the culture of microtissues using a small 
amount of media.

To eliminate the need for tubing connections and the 
use of large media reservoirs, built-​in micropumps can 
be seamlessly integrated into organ-​on-a-​chip systems 
to enable media recirculation. These micropumps are 
often based on pneumatically controlled membrane 
deflection to drive fluid flow. Multiple micropumps can 
drive multiple fluid circuits representing different body 
fluids (for example, blood and urine). Alternatively, they 
can be programmed to drive fluid recirculation in dif-
ferent combinations of organ models connected in vari-
ous ways, which is particularly useful for the modelling 
of physiological hormonal cycles. However, simulta-
neous perfusion of multiple tissues by built-​in micro-
pumps substantially increases the cost of the devices. 
Alternatively, gravity-​driven flow can be employed, 
which is a simple passive flow technique based on dif-
ferential fluid pressure in the reservoirs. This setup is 
inexpensive, can be operated by non-​expert users and 
enables multiplexing in a multiwell plate format, from 
which fluid can be easily collected by traditional pipet-
ting. The laboratory infrastructure at universities and 
in pharmaceutical companies is usually equipped with 
liquid dispensing systems and high-​throughput imag-
ing platforms for liquid handling in multiwell plates77. 
Therefore, multiwell plate designs in organ-​on-a-​chip 
devices might reduce translational costs and accelerate 
adaptation for non-​expert users225.

Online sensing of responses. Accurate representa-
tion of in vivo organ physiology and drug pharmaco
kinetics can be achieved in organ-​on-a-​chip devices 
through precise control of cellular microenvironments; 
however, the extraction of quantitative information is 
equally important. Current on-​chip assays heavily rely 
on fluorescence microscopy and have mainly been used 
for specialized proof-​of-concept studies to investigate 
angiogenesis226–228, electrophysiology225,229 and pharma-
cological modulation of cell growth28,118,230. However, 
fluorescent labelling is a qualitative method and a 
terminal assay. Therefore, organ-​on-a-​chip systems are 
now being increasingly equipped with sophisticated 
built-​in sensors that provide valuable real-​time data 
on a cellular level, which cannot be easily measured in 
animal models.

Most on-​chip assays depend on either electrochem-
ical or optical-​chemical sensing. Metal electrodes or 
sensitive probe dyes can be directly deposited onto 
the platforms231–233, and parameters, such as oxygen 
concentration234–236, pH level237,238 or glucose consump-
tion239–241, can be monitored to study changes in cel-
lular metabolism. These biosensors are usually based 
on oxidation–reduction reactions, enzymatic activity, 
lifetime measurements or ratiometric fluorescence of 
the probes, and their selectivity and specificity can be 
improved by specific surface functionalization to ena-
ble antibody-​based or aptamer-​based sensing242. This 
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non-​invasive approach enables the detection of small 
molecules and biomarkers within a complex biological 
environment with high sensitivity243–246. For example, 
a modular organ-​on-a-​chip device implementing such 
sensors can be used to automatically extract quantita-
tive biochemical readouts from recirculating media with 
high specificity in a multi-​organ system69.

Electrodes can further be used to measure functional 
changes in tissues in real time. Instead of directly depos-
iting sensory probes or electrodes using multiple lithog-
raphy steps, a mechanical force sensor can be built by 
3D printing of multiple materials in a single continuous 
step58. Specifically, to probe the contraction of laminar 
cardiac tissues, a conductive ink composed of carbon 
black nanoparticles can be 3D printed and embedded in 
a soft thermal plastic polyurethane sheet that supports 
the growth of cardiomyocytes. The bending of the elastic 
sheet caused by cardiac cell contraction can lead to a 
change in the electrical resistance of the embedded con-
ductive circuit58. Electrodes can also be used to study the 
barrier integrity of an endothelium. Gold-​based78,247 or 
silver/silver-​chloride-based248 electrodes can be incorpo-
rated in organ-​on-a-​chip devices to probe epithelial bar-
rier integrity by measuring the trans-​epithelial electrical 
resistance (TEER). This quantitative readout is a useful 
metric not only for assessing the health of an endothe-
lium but also for studying drug delivery and diffusion 
in tissues. The development of micro-​sensors with high 
sensitivity presents an opportunity for organ-​on-a-​chip 
systems to effectively measure subtle, non-​lethal changes 
in tissue functionality at the cellular level, which is an 
important advantage over animal testing.

Scalable production. Academic proof-​of-concept 
prototypes cannot be translated into products to solve 
real-​world problems if they do not leave the laboratory. 
The success of an organ-​on-a-​chip device depends not 
only on its scientific validity but also on the ease and 
scalability of its manufacturing, which can be a con-
siderable hurdle in the commercialization process36. 
Therefore, researchers developing organ-​on-a-​chip 
devices should reach out to commercial manufactur-
ers early in the development process, because fabri-
cation protocols at the laboratory scale are often not 
adaptable to large-​scale manufacturing processes. 
For example, most organ-​on-a-​chip devices are fabri-
cated by soft lithography, which is a slow and expen-
sive microfabrication technique. Importantly, most 
devices are manually fabricated involving multiple 
assembly steps and thus often lack reproducibility 
or have low production yield. In the manufacturing 
industry, injection moulding is a common method 
for the mass production of simple plastic parts. 
Unfortunately, a device with multilayer fluid circuits 
and built-​in sensors will face additional challenges in 
terms of post-​processing, increasing the manufactur-
ing costs. Therefore, there is a trade-​off between device 
complexity and manufacturability.

3D printing (or additive manufacturing) can be 
applied to automate and scale up the production of 
organ-​on-a-​chip devices in both academic and com-
mercial settings. 3D printing allows for automated 

and rapid prototyping of devices with complex micro-​
architectures249–251. Using a one-​step continuous print-
ing technique, complex multilayer devices composed 
of multiple materials and sensors can be manufac-
tured in a one-​step process. This technique does not 
require manual handling and has shorter turn-​around 
times and high reproducibility. Thus, 3D printing can 
provide good manufacturing practice for the fabrica-
tion of highly complex devices. Nevertheless, com-
mercialization of organ-​on-a-​chip devices is likely to 
be an evolutionary rather than revolutionary process 
because challenges remain for the automated bioprint-
ing of organ-​on-a-​chip devices, such as a narrow range 
of printable and biocompatible materials, issues with  
resolution and cryopreservation of printed tissues.

Validation of organ-​on-a-​chip devices. The use of 
organ-​on-a-​chip devices in the medical and pharmaceu-
tical industry depends on successful device validation to 
ensure that the biological functions reproduced on the 
chip are representative of the native tissues as well as to 
understand any lack of similarity. An accurate level of 
understanding is crucial for effective industrial decision 
making; however, current protocols to validate in vitro 
models are limited203. A direct comparison against current 
industry standards as well as between different technolo-
gies might be necessary for the translation of in vitro tissue 
technologies. To better meet the needs and standards of 
the pharmaceutical industry, many organ-​on-a-​chip sys-
tems are being developed in collaboration between aca-
demic laboratories and industry to improve the biological 
relevance of the devices as early as possible252. For exam-
ple, Emulate is collaborating with Johnson & Johnson to 
use organ-​on-a-​chip devices in two applications: Lung-​
on-Chip and Thrombosis-​on-Chip to evaluate pulmonary 
thrombosis and Liver-​on-Chip to better predict liver tox-
icity. TissUse GmbH is working together with the cosmetic 
company Beiersdorf AG, and Mimetas is developing high-​
throughput intestinal models in collaboration with Roche. 
Regulatory agencies (for example, the US Food and Drug 
Administration, FDA) have also begun to collaborate with 
the pharmaceutical industry to establish industry stand-
ards and suitable physiological hallmarks for the validation 
of organ-​on-a-​chip devices253,254. Such initiatives include 
the Comprehensive In Vitro Proarrythmia Assay Initiative 
(CiPA Initiative) and the International Consortium for 
Innovation and Quality in Pharmaceutical Development 
(IQ Consortium). Other organizations, such as the 
National Institute of Diabetes and Digestive and Kidney 
Diseases (NIDDK) (US National Institutes of Health 
(NIH), National Institute of Biomedical Imaging and 
Bioengineering), the American Institute for Medical and 
Biological Engineering (American Institute for Medical 
and Biological Engineering (AIMBE)) and the National 
Institute of Biomedical Imaging and Bioengineering 
(NIBIB) (NIH, National Institute of Biomedical Imaging 
and Bioengineering), have also developed their own 
initiatives in this space.

We have further proposed a drug discovery pipeline 
for cardiac functional assessments of kinase inhibitors 
in a lab setting, involving high-​throughput screen-
ing of cytokines on cardiomyocyte monolayers, target 

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATure ReviewS | MatERialS

R e v i e w s

	  volume 3 | AUGUST 2018 | 273

http://cipaproject.org/
https://iqconsortium.org/
http://aimbe.org/


identification by machine learning and target valida-
tion using a 3D Biowire platform255. Machine learning 
can be applied to unbiasedly select compounds from 
the high-​throughput monolayer screen. Selected com-
pounds can be further investigated with 3D tissue mod-
els. High-​throughput monolayer screens provide a quick 
and cost-​effective readout of a few simple parameters 
for many compounds, and 3D tissues enable the assess-
ment of in-​depth functional parameters owing to their 
maturity and 3D complexity. Therefore, key steps for 
organ-​on-a-​chip technology to be accepted for preclin-
ical testing might be reproducing results obtained with 
established methods and refining results in conjunction 
with clinical data, which might ultimately lead to a new 

preclinical paradigm for drug testing. Organ-​on-a-​chip 
technology is unlikely to replace animal testing in the 
near future; however, organ-​on-a-​chip devices can gen-
erate independent data sets that can be used to augment 
various stages of the drug discovery pipeline to obtain 
precise information on the effect of a drug before human 
clinical trials. If organ-​on-a-​chip systems prove to be 
able to consistently and accurately predict the effects 
of drugs, a paradigm shift of preclinical drug testing 
towards in vitro 3D human tissue models is possible, 
which is not only more human but also more humane 
than animal models.
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