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Abstract
The development of new medicines suffers from attrition, espe-
cially in the development pipeline. Eight out of nine drug candi-
dates entering the clinical testing phase fail, mostly due to poor
safety and efficacy. The low predictive value of animal models,
used in earlier phases of drug development, for effects in humans
poses a major problem. In particular, drug disposition can mark-
edly differentiate in experimental animals versus humans. Mean-
while, classic in vitromethods can be used but these models lack
the complexity to mimic holistic physiological processes occurring
in the human body, especially organ–organ interactions. There-
fore, better predictive methods to investigate drug disposition in
the preclinical phase are needed, for which recent developments
in multiorgan-on-chip methods are very promising. To be able to
capture human physiology as good as possible, multiorgan-on-
chips should feature 1) human cells endogenously expressing
main transporters and metabolizing enzymes; 2) organ models
relevant for exposure route; 3) individual organs-on-chip connec-
ted in a physiologically relevant manner; 4) a tight cellular barrier
between the compartments; 5) organmodels properly polarized in
3D; 6) allow for sampling in allmajor compartments; 7) constructed
from materials that do not absorb or adsorb the compound of in-
terest; 8) cells should grow in absence of fetal calf serum and
Matrigel; 9) validated with a panel of compounds with known
characteristics in humans; 10) an integrated computer model
translating concentrations to the human situation. Here, an over-
view of available systems is presented and the difficult route to-
wards a fully validated system is discussed.
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Efficacy, safety, and drug disposition in
humans: lost in translation
For many severe, fatal, and debilitating diseases, treat-
ment options are scarce, insufficient, or do not exist at
all. Unfortunately, the drug development process is slow
and extremely expensive. Regulatory authorities such as
the United States Food and Drug Administration and
the European Medicines Agency require the use of
experimental animals to test absorption, distribution,
metabolism, and excretion (ADME), efficacy and safety.
It takes around 12 years to bring a drug to the market

with costs estimated to amount to at least hundreds of
millions of dollars up to $ 2.6 billion per drug that
reaches the market [1]. The main reason for costs in
terms of time and funds is the high attrition rate [2].
Currently, only one out of nine drug candidates (11%)
that enters the clinical study phase is successfully
introduced into the market. The main factor causing
attrition is the lack of efficacy and safety in humans,
even though available results from animal tests predict
otherwise. The result of this is that effective medication
for many severe and debilitating human diseases is

currently not available.

It is commonly known that effects in experimental an-
imals exposed to a compound of interest can be very
different from effects observed in humans. This has
been shown for pharmaceuticals [2e5] and for chem-
icals, especially for their carcinogenicity [6e9]. One of
the main causative factors for the low predictivity
observed for safety and efficacy when comparing
experimental animals and humans is that drug disposi-
tion reflected by ADME processes is very different in
experimental animals and humans. In other words,

ADME of drugs determines their safety and efficacy
profile, therefore predicting these processes (and drug
metabolism and pharmacokinetics (DMPK), a related,
www.sciencedirect.com
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Multi-organ-on-chip models for drug disposition van Berlo et al. 9
highly similar concept used for pharmaceuticals) in the
preclinical phase is of the utmost importance. In a
review by Shanks et al., the concentration of a specific
compound that reaches the blood upon oral exposure is
compared between several commonly used experi-
mental animal species and humans. The plots show a
shotgun pattern when human data were plotted against
animal data [10]; the correlation between animal and

human data was very low. A recent systematic review
comparing human and animal renal clearance measured
for 20 renally excreted drugs showed that rats signifi-
cantly overestimate human renal clearance [11]. Clearly,
results in animals do not always translate well to
humans.

Despite this loss in translation, animal tests are obliga-
tory for both pharmaceuticals and chemicals marketing.
For instance, pharmacokinetic (PK) studies are
routinely performed in animals in the drug discovery

phase. Typically, these studies involve intravenous and
oral administration of a clinically relevant formulation in
rats followed by a thorough study of the disposition of a
potentially new drug within the organism [12].

Another factor, that is quickly becoming more relevant,
is the societal pressure to develop alternatives to animal
tests because of ethical considerations. The most recent
manifestation is that the US EPA has published a
directive in September 2019 in which is stated that
funding for animal testing will be reduced by 30% in

2025 and will be abolished completely by 2035.

Classic cell culture usually involves the culture of a
commercially available cell line as a monolayer on a 2D
surface (culture dish, flask, or wells plate). Medium is
applied statically on top of the cells so that they receive
nutrients, and periodic replacement is needed to pro-
vide fresh nutrients when the medium has been
exhausted. Cells and immortalized cell lines are often
derived from animal sources (e.g. MDCKII, LLC-PK1
cells) or human tumors (e.g. Caco-2, HT-29 cells). A
notable shortcoming of such cell lines for investigation

of ADME-DMPK is that they often lack metabolic
competence; this means that toxicity can be both
overestimated and underestimated because potentially
toxic metabolites might not be formed, while a toxic
parent compound may not be metabolized into nontoxic
metabolites (e.g., Ref. [13]). Such simple systems do
provide relevant information about basic features of the
PK profile (e.g. intestinal absorption, hepatic metabolic
rate, or transporter interactions) or in vitro toxicity pro-
file of parent compounds, but not much more than that.
Clearly, if we want to investigate more complex pro-

cesses in humans, we need a higher level of complexity.

At the moment, fully validated alternative in vitro
models to test ADME-DMPK are not yet available or at
least not yet ready for implementation. But there have
www.sciencedirect.com
been exciting developments in the in vitro field in the
last decade. Landmark studies on organoid- and organ-
on-chip technology have shown the great potential of
these technologies to replace the animal as the preferred
model to predict the effects on humans. Examples
include 1) the improved prediction of treatment efficacy
for cystic fibrosis patients is made possible by culturing
intestinal organoids [14], 2) the development of organ-

on-chip systems in which cells are grown on tubular
structures, which improves maturation and differentia-
tion into multiple cell types, allowing for the investi-
gation of the transport of substances across epithelial
cell layers from a microfluidic flow mimicking vascular
flow [15e17] and 3) the development of hepatic
spheroids that express bile acid transporters [18].
Moreover, connecting multiple individual organ-on-chip
systems can generate a system with which ADME-
DMPK of pharmaceuticals, chemicals, or nutrients can
be assessed.

Using multiorgan-on-chip technology to
assess ADME-DMPK in vitro
Organ-on-chip revolves around the culture of one or
more cell systems in a small chamber or bioreactor with a
laminar flow, providing nutrients and appropriate levels
of shear stress. An organ-on-chip system constitutes the
following elements: 1) microfluidic chip, a credit card
size device containing microchannels for medium flow

and microchambers for cell culturing; 2) compartment
to culture cells (commercial cell line, primary cells, stem
cellederived cells or organoid) or tissue segments/slices;
3) microfluidic flow through one or multiple micro-
channels/tubing providing culture medium and a test
compound of interest and may additionally constitute:
4) optionally: scaffold or 3D gel on which cells are grown
to simulate physiological structures or create barrier
models; 5) Optionally: biosensors to measure endpoints
such as shear stress, metabolism, barrier integrity and/or
viability, or bio-actuators that stimulate relevant phys-

ical stimuli.

Using organ-on-chip, cells can be kept in culture for
much longer before they dedifferentiate, undergo
apoptosis or become senescent, opening the door to
in vitro investigation of long-term exposures, in contrast
to the acute exposures that are investigated with classic
in vitro methods. Also because microfluidic flows are
laminar, they only mix by diffusion, which means that
biochemical gradients can be achieved and controlled
more accurately permitting better control of the tissue

microenvironment. Another advantage of shear stress
induced by microfluidic flow on the cells is the fact that
increased cellular maturation as well as differentiation
into multiple cell types (especially for adult stem cells
and induced pluripotent cell types) present in the organ
of origin can be achieved, for example, for kidney [19]
and intestine [16,20]. For ADME-DMPK specifically, a
very relevant characteristic of organ-on-chip technology
Current Opinion in Toxicology 2021, 27:8–17
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is that multiple organ models in one or more chips can
be interconnected. When each of those chips features a
barrier system, the uptake, transport, and metabolism of
a compound through the system can be monitored. Such
a system can be based on a 2D membrane or, depending
on the physiological structure of organs, on a hollow fiber
membrane mimicking functional parts of organs such as
the kidney (tubules [21]), gut (intestinal tube [16]), or

liver (bile duct [15]). Different components would be
present on either side of the membrane/hollow fiber,
and transepithelial transport of compounds can be
investigated by this approach.

Of course, the selection of the appropriate individual
organ modules in multiorgan-on-chip models highly
depends on the mimicked exposure route. Examples of
individual organ-on-chip systems that could be inte-
grated in a multiorgan-on-a-chip system for ADME-
DMPK assessment are summarized in Table 1.

Figure 1 shows how such individual organ-on-chip
modules could be connected to physiologically mimic
the oral, intravenous, dermal, and inhalatory exposure
routes. Here, it should be noted that different setups
are possible and can have their value for specific pur-
poses. To be able to completely replace the animal test
for ADME-DMPK assessment of a novel compound, it
will be necessary to integrate organ-on-chip modules for
most relevant organs (or even multiple modules per
organ for different organ parts, for example, the proximal
Table 1 Examples of single organ-on-chip models needed to
create an ADME-DMPK-OoC model for each of the exposure
routes.

Exposure
route

OoC systems needed Examples

Dermal Skin-OoC [34,35];
Heart-OoC [36,37];
Liver-OoC [38,39];
Kidney-OoC [40,41];
Bile duct-OoC [42];
Intestine-OoC [16,43];

Intravenous Heart-OoC See dermal exposure route
Liver-OoC See dermal exposure route
Kidney-OoC See dermal exposure route
Bile duct-OoC See dermal exposure route
Intestine-OoC See dermal exposure route

Oral Stomach-OoC [44];
Intestine-OoC See dermal exposure route
Liver-OoC See dermal exposure route
Kidney-OoC See dermal exposure route
Bile duct-OoC See dermal exposure route

Inhalatory Lung-OoC [45–47];
Heart-OoC See dermal exposure route
Liver-OoC See dermal exposure route
Kidney-OoC See dermal exposure route
Bile duct-OoC See dermal exposure route
Intestine-OoC See dermal exposure route

Current Opinion in Toxicology 2021, 27:8–17
tubule and the glomerulus for the kidney or the alveolar
and bronchial regions for the lung). Sometimes very
specific questions related to ADME-DMPK need to be
answered, for which a more limited number of organ-on-
chip modules would be appropriate. It can be important
to investigate the interaction between two organ sys-
tems, for instance. Importantly, an ADME-OoC system
should only be as complex as necessary because, inevi-

table, there are drawbacks to a more complex system (it
certainly is more technologically challenging, but also
problematic for validation of such a system, for achieving
sufficient cellular function and viability in all integrated
cell systems and so forth).

From a technical point of view, research groups that
work on multiorgan chips have adopted three strategies
to connect individual organ models in one system, as
shown in Table 2. The first is to design one chip with
different organs that are connected to each other by a

simple gravity-driven flow. This is to decrease the
complexity of the operation and, therefore, allow
increasing the throughput of the experiments. Because
of the simpler layout, these systems often benefit
from more inert materials to pharmaceutical com-
pounds, avoiding drug absorption and adsorption. The
drawback of such systems is that the simplicity of the
design reduces the complexity of the microenviron-
ment in the integrated organs. Prof. Michael Shuler and
Prof. James Hickman (co-founders Hesperos) are
among the pioneers of pumpless multiorgan chips [22].

The second strategy keeps the different organ models
in one chip but adds on-chip, e.g. TissUse [23] and CN
BIO [24], or off-chip, e.g. Prof. Lecler’s lab [25],
peristaltic pumps to the system. This method enables
researchers to use more physiologically relevant
models, especially barrier models, in their multiorgan
chips. This, consequently, comes with a price of more
difficult operation and lower throughput than the first
strategy. These two first strategies give us the oppor-
tunity to use standard static organ models, such as
Transwell inserts, in a dynamic microenvironment of a
microfluidic system. Although limited, sensors can also

be integrated in these systems. The third strategy goes
one step further in technical aspects and adds more
physiological relevance and sensor technologies. The
idea here is to model each organ in separate chips and
connect them with tubing to each other to create a
modular and independent multiorgan model [26]. This
physiological complexity creates technical complexities
which makes the operation of such systems more
difficult and thus their throughput lower. Up to now,
the physiological complexity of the multiorgan chips
seems to be proportional to their technical complexity

and inversely proportional to the throughput of these
systems. More automation, standardization, and high-
throughput readout technologies can help improve the
relationship between complexity and throughput
[27,28].
www.sciencedirect.com
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Figure 1

Main exposure routes (black text) for pharmaceuticals and chemicals and their disposition in relevant organ systems (red text) to be evaluated by a
potential multiorgan-on-chip system; created with BioRender.com.

Multi-organ-on-chip models for drug disposition van Berlo et al. 11
The road ahead for drug disposition on a chip
Multiorgan-on-chip technology is still in its infancy, and
many challenges need to be overcome before a mature,
fully validated ADME-chip system is ready to be imple-
mented for regulatory testing. A number of technical
challenges that need to be overcome include the following:

� Connection of the different individual chip modules
is a challenge; this should be done in a physiologically

relevant manner and the individual systems should
receive the appropriate amount of shear stress in
order for the cells to properly differentiate and
mature.

� It can be difficult to keep such a complex system
bubble-free and sterile to prevent infection with
pathogens when handling it; for some organ-on-chip
systems, this known to occur when changing
medium or treating cells. Automation/robotization of
the system can be a great asset in this regard as well as
the integration of microsensors.

� Development of a universal medium that does not
only keep all different cells alive, but also keeps them
functional can be challenging. Due to the laminar flow
in a microfluidic system, it might be possible to let
various medium types flow through the system;
otherwise, separated and isolated medium flows
should be integrated into the system. When using
www.sciencedirect.com
organoid-based models, general organoid medium can
work quite well (e.g., Refs. [29,30]).

� Also, to be a truly animal-free test method, it will be
necessary to avoid the use of FCS and Matrigel.

� The choice of material for 3D printing of the chips
and support structures is important: while PDMS is
convenient and practical to work with, it is also known
to be able to bind compounds and can release them in

an unpredictable manner, which greatly limits the
control one has over the intended compound con-
centration at a cellular site.

Clearly, the more complex an in vitro system is, the more
difficult and time-consuming it will be to validate it
[31,32]. Standardization of all the different components
(cell system, 3D-printed chip, scaffold, medium,

microfluidic flows, endpoints measured via biosensors
etc.) is needed; each individual cell system should be
tested for viability, functionality, and barrier function.
Moreover, each individual system should still function
properly after connecting them to form a predictive drug
disposition system allowing study of ADME processes.
Standardization of such a system, which is needed to
ensure that reproducible results can be achieved, re-
quires integration of microsensors to monitor relevant
model parameters and could benefit greatly from
extensive automatization/robotization.
Current Opinion in Toxicology 2021, 27:8–17

http://BioRender.com
www.sciencedirect.com/science/journal/24682020


Table 2 Multi-OoC systems in the scientific literature applicable for ADME-DMPK assessment.

Group Organs Standardization Technical
complexity

Thr ghput/
aut mation

Material Complexity of
microenvironment

Sensors

ultiorgan system in a single
chip with gravity-driven
flow

Shuler and Hickman lab
(Hesperos)

- Liver and intestine [48,49]
- Liver and bone marrow [22,50]
- Liver, tumor and marrow [50]
- Liver and heart [51]
- Liver, heart, muscle and neurons [52]
- Liver, fat, kidney, bone marrow
and intestine [53]

++ + ++ ++ + ++

Sung lab (Hongik University) - Liver, intestine [54–57]
- Liver, tumor [58]

+ ++ + + + +

Insphero (Akura™ Flow) - Liver and tumor [59–61] ++ ++ ++ +++ + +
Multiorgan system in a single

chip with peristaltic flow
TissUse (Humimic) - Liver and neurospheres [62]

- Liver and skin [63–65]
- Liver and intestine [63]
- Liver and lung [66]
- Liver and testis [67]
- Liver and kidney [68]
- Tumor and skin [65]

++ ++ + ++ ++ +

Griffith lab (MIT & CN BIO) - Liver and intestine [24,69,70]
- Liver, intestine, lung, heart
muscle, brain, pancreas,
skin and kidney [71]

++ ++ + +++ ++ +

Leclerc lab (CNRS Paris) - Liver, intestine [25,72]
- Liver and pancreas [73]
- Liver and kidney [74]

++ ++ + + + ++

Multiorgan system with
multiple chips

Ingber lab (Wyss Institute) - Gut, liver, kidney, heart, lung,
skin, brain, vasculature [26]

+ + + +++ +

Shrike (Harvard) &
Khademhosseini (UCLA) lab

- Liver and heart [75]
- Liver, lung and heart [76]

+ + + ++ +++
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A novel in vitromodel is validated using a fit-for-purpose
approach (i.e. the model works for a specific purpose
intended). When an ADME-chip is to be used to assess
pharmaceuticals in a contract research environment, it
should usually comply with the good laboratory practice
(GLP) standard which has significant implications;
validated and highly standardized protocols are required
for cell culture and all used equipment. Implementation

in the R&D lab of a specific pharmaceutical company
depends on the needs and preferences of that specific
company, in terms of regulations little is imposed by the
authorities. For regulatory testing of chemicals and food
components however, strict regulations exist: an in vitro
assay should be submitted to the European Union
Reference Laboratory for alternatives to animal testing
(EURL-ECVAM) so it can be validated by a test labo-
ratory accredited by the European Union Network of
Laboratories for the Validation of Alternative Methods
(EU-NETVAL). Extensive guidance on how to develop

a novel in vitro assay is given in the guidance document
on Good In vitro Method Practices (GIVIMP), which
has been drafted by the OECD [33]. Validation by
EURL-ECVAM can be a lengthy procedure and it is
important that a system is finalized at some point,
because the introduction of small changes may implicate
that the system needs to be re-validated. This is highly
challenging in a field that is evolving so rapidly; the
decision when to start a laborious and lengthy validation
of a multiorgan-on-chip system is a tough call to make.

To test predictivity of drug disposition in a multi-
organ-on-chip system, its performance should be
validated against both human (gold standard, but
Box 1. Recommendations/requirements for an in vitro system designed t

1) Cells should be of human origin and should express functional transporte
2) Selected chip modules mimicking specific organ functionalities models sh

interest;
3) These models should be connected in a physiologically relevant way;
4) Cells should form a tight barrier between the different compartments relev

feces, bile etc.
5) Organ systems should be properly 3D-polarized (i.e. transport should occu
6) Preferably, the system should allow for longer term cell culture, so ADME
7) The system should allow for sampling in all the major compartments that a

the route of exposure), allowing for monitoring of transport through the sy
8) The system should be constructed from materials that do not absorb/ads
9) Cells should grow in absence of FCS and Matrigel for the system to be tr
10) The system should be validated for a carefully selected panel of compou

negative controls;
11) Integrated physiologically based pharmacokinetic (PBPK) computer mod

the volumes in the individual organ-on-chip model compartments (blood, u
so that concentrations in humans can be predicted;

12) The system should incorporate a number of microsensors so that model p
robotized as much as possible to facilitate standardization, which is diffic

www.sciencedirect.com
availability can be limited) and animal (when human
data are not available or not useful) ADME-PK data.
Measurement of the concentration of parent com-
pound and their metabolites in each organ compart-
ment (e.g. blood and urine for the kidney, blood and
bile duct for the liver, blood and gut lumen for the
gut) using quantitative methods such as liquid
chromatography-tandem mass spectrometry would be

recommended. An integrated physiologically based PK
model should be developed to translate the concen-
trations and volumes in the different compartments of
the multiorgan-on-chip (e.g. bile, blood, urine, feces)
to their human equivalent. Preferably, compounds
should be included in the test battery that are well
predicted by current methods (in vitro and in vivo) as
well as compounds for which current systems fail to
predict the human ADME properties. Examples of
such compounds are well-known drugs such as anti-
pyrine and verapamil (high permeability), theophyl-

line and atenolol (low permeability), high organ
extraction compounds such as propanol and
morphine), and substances with more complex ADME
characteristics include substrates for drug transporter
proteins and/or metabolizing enzymes (diclofenac,
digoxin, atorvastatin).

This will facilitate thorough assessment of the perfor-
mance of the model in relation to animal experimen-
tation. Important to note is that human data are the
gold standard here, not animal data; a model that would

excellently reproduce data obtained in experimental
animals would still be of limited value when attempting
to predict effects in humans.
o mimic drug disposition/ADME.

r systems and metabolizing enzymes at physiological levels;
ould be incorporated for the organs relevant for the exposure route of

ant for ADME/PK that are mimicked by the system, such as blood, urine,

r from apex to base or the other way around, just like in the actual organ);
might be investigated upon a repeated dose regimen;
re mimicked (e.g. blood, urine, bile, airway lumen or feces depending on
stem and metabolism of the compound of interest;
orb the compound of interest;
uly animal-free and thus a real alternative to the animal test;
nds with known ADME-DMPK in humans, using appropriate positive and

el translating in vitro findings to the human situation, that is, by upscaling
rine, bile feces etc.) to the volumes of respective compartments in people

arameters can be closely monitored; preferably, it should be automated/
ult for such a complex system.

Current Opinion in Toxicology 2021, 27:8–17
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Conclusions and future perspective
Groundbreaking work has been performed in which

steps have been taken towards the creation of multi-
organ-on-chip models. In Box 1, the main characteristics
for a multiorgan-on-chip system to provide a true
alternative to an animal ADME-DMPK study are sum-
marized. At present, none of the created models fulfill
all of the criteria mentioned. When striving to create a
model capable of improving on (and replacing) animal
tests, close collaboration is needed between a great
number of disciplines, that is, experts in cell biology,
microfluidics, 3D printing, microelectronics, physiolog-
ically based PK modeling, artificial intelligence/machine

learning and robotization should or could be linked up.
Moreover, connections to R&D labs from the pharma-
ceutical, chemical and food industry as well as regulating
agencies will be crucial to ensure that a system can be
readily implemented and complies with regulatory,
quality-related and practical requirements.

The complexity of such collaboration between stake-
holders from diverse backgrounds requires setting up
connective structures (i.e. hubs) from where stakeholder
communication and project management is coordinated

and where a database is present with information on
experts in relevant fields. Independence of such struc-
tures/hubs would positively affect collaboration.

It is clear that the road ahead is long and is filled with
plenty of obstacles, but the rewards upon achieving the
goal (a fully developed and validated multiorgan-on-chip
model) are great: faster and more cost-effective drug
development resulting in better availability of treatment
for all kinds of diseases, better testing of chemicals and
food components and replacement of ethically sensitive

animal tests by in vitro methods.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this
paper.

Acknowledgements
This collaborative effort is co-funded by the PPPAllowance made available
by Health~Holland, Top Sector Life Sciences & Health, the Netherlands
(grant no. LSHM20045-HSGF) to stimulate public-private partnerships.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. DiMasi JA, Grabowski HG, Hansen RW: Innovation in the
pharmaceutical industry: new estimates of R&D costs.
J Health Econ 2016, 47. https://doi.org/10.1016/
j.jhealeco.2016.01.012.
Current Opinion in Toxicology 2021, 27:8–17
2. Arrowsmith J, Miller P: Trial watch: phase II and phase III
attrition rates 2011-2012. Nat Rev Drug Discov 2013, 12. https://
doi.org/10.1038/nrd4090.

3. Heywood R: Clinical toxicity – could it have been predicted?
Post-marketing experience. In C. Work. Ser. Anim. Toxic. Stud.
– Their Relev. Man. Edited by Lumley CE, Walker SR, London,
UK: Quay Publishing; 1989:57–67.

4. Spriet-Pourra C AM: Drug withdrawal from sale. 1994.

5. van Meer PJK, Kooijman M, Gispen-de Wied CC, Moors EHM,
Schellekens H: The ability of animal studies to detect serious
post marketing adverse events is limited. Regul Toxicol
Pharmacol 2012, 64:345–349. https://doi.org/10.1016/
j.yrtph.2012.09.002.

6. Knight A, Bailey J, Balcombe J: Animal carcinogenicity studies:
1. Poor human predictivity. ATLA Altern Lab Anim 2006, 34.
https://doi.org/10.1177/026119290603400117.

7. Haseman JK: Using the NTP database to assess the value of
rodent carcinogenicity studies for determining human cancer
risk. Drug Metab Rev 2000, 32:169–186. https://doi.org/10.1081/
DMR-100100570.

8. Gold LS, Slone TH, Ames BN: What do animal cancer tests tell
us about human cancer risk?: Overview of analyses of the
carcinogenic potency database. Drug Metab Rev 1998, 30:
359–404. https://doi.org/10.3109/03602539808996318.

9. Adler S, Basketter D, Creton S, Pelkonen O, Van Benthem J,
Zuang V, Andersen KE, Angers-Loustau A, Aptula A, Bal-Price A,
Benfenati E, Bernauer U, Bessems J, Bois FY, Boobis A,
Brandon E, Bremer S, Broschard T, Casati S, Coecke S, Corvi R,
Cronin M, Daston G, Dekant W, Felter S, Grignard E, Gundert-
Remy U, Heinonen T, Kimber I, Kleinjans J, Komulainen H,
Kreiling R, Kreysa J, Leite SB, Loizou G, Maxwell G,
Mazzatorta P, Munn S, Pfuhler S, Phrakonkham P, Piersma A,
Poth A, Prieto P, Repetto G, Rogiers V, Schoeters G, Schwarz M,
Serafimova R, Tähti H, Testai E, Van Delft J, Van Loveren H,
Vinken M, Worth A, Zaldivar JM: Alternative (non-animal)
methods for cosmetics testing: current status and future
prospects-2010. Arch Toxicol 2011, 85. https://doi.org/10.1007/
s00204-011-0693-2.

10
*
. Shanks N, Greek R, Greek J: Are animal models predictive for

humans? Philos Ethics, Humanit Med 2009, 4:2. https://doi.org/
10.1186/1747-5341-4-2.

In this review, the authors show that the bioavailability of a drug (i.e.,
the concentration that reaches the blood) is very different in humans
compared to the most commonly used species in pre-clinical animal
experiments, i.e. dogs, primates and rodents.

11
* *
. Jansen K, Pou Casellas C, Groenink L, Wever KE, Masereeuw R:

Humans are animals, but are animals human enough? A
systematic review and meta-analysis on interspecies differ-
ences in renal drug clearance. Drug Discov Today 2020, 25.
https://doi.org/10.1016/j.drudis.2020.01.018.

Species differences in transporter expression or substrate affinity might
lead to prediction errors and limit the translatability of animal data. In an
attempt to quantify differences in renal drug clearance between ani-
mals and humans, a systematic review and meta-analysis was con-
ducted using published clearance data for a diverse set of renally
excreted drugs. Identified differences were related to the drug excretion
profile (filtration vs active secretion) and physicochemical drug prop-
erties (e.g., physiological charge and molecular weight). The authors
demonstrated that rats, despite being the most commonly used model,
are an inadequate species for preclinical renal drug clearance testing.

12. Webborn PJ: The role of pharmacokinetic studies in drug
discovery: where are we now, how did we get here and where
are we going? Future Med Chem 2014, 6:1233–1235. https://
doi.org/10.4155/fmc.14.76.

13
* *
. Gomez-Lechon M, Donato M, Lahoz A, Castell J: Cell lines: a

tool for in vitro drug metabolism studies. Curr Drug Metabol
2008, 9:1–11. https://doi.org/10.2174/138920008783331086.

The authors show that the predictive potential of advanced in vitro
methods can be superior to animal tests. By studying patient-specific
mutations in the cystic fibrosis transmembrane conductance regulator
the authors show that the drug responses observed in mini-guts or
rectal organoids can be used to predict which patients may be potential
responders to the drug. Such organoids can be implemented in multi-
www.sciencedirect.com

https://doi.org/10.1016/j.jhealeco.2016.01.012
https://doi.org/10.1016/j.jhealeco.2016.01.012
https://doi.org/10.1038/nrd4090
https://doi.org/10.1038/nrd4090
http://refhub.elsevier.com/S2468-2020(21)00018-8/sref3
http://refhub.elsevier.com/S2468-2020(21)00018-8/sref3
http://refhub.elsevier.com/S2468-2020(21)00018-8/sref3
http://refhub.elsevier.com/S2468-2020(21)00018-8/sref3
http://refhub.elsevier.com/S2468-2020(21)00018-8/sref4
https://doi.org/10.1016/j.yrtph.2012.09.002
https://doi.org/10.1016/j.yrtph.2012.09.002
https://doi.org/10.1177/026119290603400117
https://doi.org/10.1081/DMR-100100570
https://doi.org/10.1081/DMR-100100570
https://doi.org/10.3109/03602539808996318
https://doi.org/10.1007/s00204-011-0693-2
https://doi.org/10.1007/s00204-011-0693-2
https://doi.org/10.1186/1747-5341-4-2
https://doi.org/10.1186/1747-5341-4-2
https://doi.org/10.1016/j.drudis.2020.01.018
https://doi.org/10.4155/fmc.14.76
https://doi.org/10.4155/fmc.14.76
https://doi.org/10.2174/138920008783331086
www.sciencedirect.com/science/journal/24682020


Multi-organ-on-chip models for drug disposition van Berlo et al. 15
organ-on-chip systems, allowing for standardized and high-throughput
analysis.

14
*
. Dekkers JF, Berkers G, Kruisselbrink E, Vonk A, De Jonge HR,

Janssens HM, Bronsveld I, Van De Graaf EA, Nieuwenhuis EES,
Houwen RHJ, Vleggaar FP, Escher JC, De Rijke YB, Majoor CJ,
Heijerman HGM, De Winter-De Groot KM, Clevers H, Van Der
Ent CK, Beekman JM: Characterizing responses to CFTR-
modulating drugs using rectal organoids derived from sub-
jects with cystic fibrosis. Sci Transl Med 2016, 8. https://doi.org/
10.1126/scitranslmed.aad8278.

A state-of-the-art bile duct model is described in this paper. Liver stem
cells from mice were differentiated into cholangiocyte-like cells that
were grown on hollow fiber membranes. This model can be integrated
in a multi-organ-on-chip approach used to assess ADME-DMPK.

15
*
. Chen C, Jochems PGM, Salz L, Schneeberger K, Penning LC,

Van De Graaf SFJ, Beuers U, Clevers H, Geijsen N,
Masereeuw R, Spee B: Bioengineered bile ducts recapitulate
key cholangiocyte functions. Biofabrication 2018, 10. https://
doi.org/10.1088/1758-5090/aac8fd.

The well-known and well characterized Caco-2 cell line was grown on
an ECM-coated hollow fiber membrane under physiological shear
stress. This approach resulted in improved phenotype, i.e. a more
varied cellular population closer to the cellular variety observed in the
human intestine.

16
*
. Jochems PGM, van Bergenhenegouwen J, van Genderen AM,

Eis ST, Wilod Versprille LJF, Wichers HJ, Jeurink PV, Garssen J,
Masereeuw R: Development and validation of bioengineered
intestinal tubules for translational research aimed at safety
and efficacy testing of drugs and nutrients. Toxicol Vitro 2019,
60. https://doi.org/10.1016/j.tiv.2019.04.019.

Development of a high-throughput microfluidic in vitro kidney platform
that can be used for drug screening to obtain information about kidney
toxicity in an early stage of pharmaceutical development. The authors
show that drug-induced kidney injury can be detected robustly by
assessing a combination of cell viability, LDH release (i.e., cell mem-
brane integrity) and miRNA release.

17
*
. Vormann MK, Vriend J, Lanz HL, Gijzen L, van den Heuvel A,

Hutter S, Joore J, Trietsch SJ, Stuut C, Nieskens TTG,
Peters JGP, Ramp D, Caj M, Russel FGM, Jacobsen B, Roth A,
Lu S, Polli JW, Naidoo AA, Vulto P, Masereeuw R, Wilmer MJ,
Suter-Dick L: Implementation of a human renal proximal
tubule on a chip for nephrotoxicity and drug interaction
studies. J Pharmaceut Sci 2021. https://doi.org/10.1016/
j.xphs.2021.01.028.

A novel model to assess drug-induced cholestasis is described, based
on the development of 3D spheroid models from either primary human
hepatocytes or HepaRG cells. With this model, it is possible to identify
drugs that specifically exhibit cholestatic toxicity early on.

18. Hendriks DFG, Puigvert LF, Messner S, Mortiz W, Ingelman-
Sundberg M: Hepatic 3D spheroid models for the detection
and study of compounds with cholestatic liability. Sci Rep
2016, 6. https://doi.org/10.1038/srep35434.

19. Homan KA, Gupta N, Kroll KT, Kolesky DB, Skylar-Scott M,
Miyoshi T, Mau D, Valerius MT, Ferrante T, Bonventre JV,
Lewis JA, Morizane R: Flow-enhanced vascularization and
maturation of kidney organoids in vitro. Nat Methods 2019, 16.
https://doi.org/10.1038/s41592-019-0325-y.

20. Kasendra M, Luc R, Yin J, Manatakis DV, Kulkarni G, Lucchesi C,
Sliz J, Apostolou A, Sunuwar L, Obrigewitch J, Jang K-J,
Hamilton GA, Donowitz M, Karalis K: Duodenum Intestine-Chip
for preclinical drug assessment in a human relevant model.
eLife 2020, 9:1–23. https://doi.org/10.7554/eLife.50135.

21
*
. Jansen J, Fedecostante M, Wilmer MJ, Peters JG, Kreuser UM,

Van Den Broek PH, Mensink RA, Boltje TJ, Stamatialis D,
Wetzels JF, Van Den Heuvel LP, Hoenderop JG, Masereeuw R:
Bioengineered kidney tubules efficiently excrete
uremic toxins. Sci Rep 2016, 6. https://doi.org/10.1038/
srep26715.

The authors were able to integrate microelectrode arrays in a pumpless
multi-layer multi-organ chip that features several human cell and
human cancer cell types. This allows for the investigation of on-target
and off-target (e.g., depending on drug metabolism) effects.

22. McAleer CW, Long CJ, Elbrecht D, Sasserath T, Bridges LR,
Rumsey JW, Martin C, Schnepper M, Wang Y, Schuler F,
Roth AB, Funk C, Shuler ML, Hickman JJ: Multi-organ system
for the evaluation of efficacy and off-target toxicity of
www.sciencedirect.com
anticancer therapeutics. Sci Transl Med 2019, 11. https://
doi.org/10.1126/scitranslmed.aav1386.

23. Kühnl J, Tao TP, Brandmair K, Gerlach S, Rings T, Müller-
Vieira U, Przibilla J, Genies C, Jaques-Jamin C, Schepky A,
Marx U, Hewitt NJ, Maschmeyer I: Characterization of appli-
cation scenario-dependent pharmacokinetics and pharma-
codynamic properties of permethrin and hyperforin in a
dynamic skin and liver multi-organ-chip model. Toxicology
2021, 448. https://doi.org/10.1016/j.tox.2020.152637.

24. Tsamandouras N, Chen WLK, Edington CD, Stokes CL,
Griffith LG, Cirit M: Integrated gut and liver microphysiological
systems for quantitative in vitro pharmacokinetic studies.
AAPS J 2017, 19:1499–1512. https://doi.org/10.1208/s12248-
017-0122-4.

25
* *
. Bricks T, Hamon J, Fleury MJ, Jellali R, Merlier F, Herpe YE,

Seyer A, Regimbeau J-M, Bois F, Leclerc E: Investigation of
omeprazole and phenacetin first-pass metabolism in humans
using a microscale bioreactor and pharmacokinetic models.
Biopharm Drug Dispos 2015, 36:275–293. https://doi.org/
10.1002/bdd.1940.

An automated robotic system which takes care of automatic operation,
dosing and sampling. The system maintained the viability and func-
tionality of eight vascularized organ chips for up to 3 weeks. The
automated culture system allows for imaging of cells in the organ chips
and repeated sampling of separate compartments. This greatly im-
proves throughput and standardization, and avoids the problems of
manual handling in terms of infection with fungi, bacteria or viruses as
well as the introduction of bubbles.

26. Novak R, Ingram M, Marquez S, Das D, Delahanty A, Herland A,
Maoz BM, Jeanty SSF, Somayaji MR, Burt M, Calamari E,
Chalkiadaki A, Cho A, Choe Y, Chou DB, Cronce M, Dauth S,
Divic T, Fernandez-Alcon J, Ferrante T, Ferrier J, FitzGerald EA,
Fleming R, Jalili-Firoozinezhad S, Grevesse T, Goss JA,
Hamkins-Indik T, Henry O, Hinojosa C, Huffstater T, Jang K-J,
Kujala V, Leng L, Mannix R, Milton Y, Nawroth J, Nestor BA,
Ng CF, O’Connor B, Park T-E, Sanchez H, Sliz J, Sontheimer-
Phelps A, Swenor B, Thompson G, Touloumes GJ,
Tranchemontagne Z, Wen N, Yadid M, Bahinski A, Hamilton GA,
Levner D, Levy O, Przekwas A, Prantil-Baun R, Parker KK,
Ingber DE: Robotic fluidic coupling and interrogation of
multiple vascularized organ chips. Nat Biomed Eng 2020.
https://doi.org/10.1038/s41551-019-0497-x.

27. Chandrasekaran A, Abduljawad M, Moraes C: Have micro-
fluidics delivered for drug discovery? Expet Opin Drug Discov
2016, 11:745–748. https://doi.org/10.1080/
17460441.2016.1193485.

28. Cui P, Wang S: Application of microfluidic chip technology in
pharmaceutical analysis: a review. J Pharm Anal 2019, 9:
238–247. https://doi.org/10.1016/j.jpha.2018.12.001.

29. Schneeberger K, Sánchez-Romero N, Ye S, van Steenbeek FG,
Oosterhoff LA, Pla Palacin I, Chen C, van Wolferen ME, van
Tienderen G, Lieshout R, Colemonts-Vroninks H, Schene I,
Hoekstra R, Verstegen MMA, van der Laan LJW, Penning LC,
Fuchs SA, Clevers H, De Kock J, Baptista PM, Spee B: Large-
scale production of LGR5-positive bipotential human liver
stem cells. Hepatology 2020, 72. https://doi.org/10.1002/
hep.31037.

30. Kaushik G, Ponnusamy MP, Batra SK: Concise review: current
status of three-dimensional organoids as preclinical models.
Stem Cell 2018, 36. https://doi.org/10.1002/stem.2852.

31. Marx U: Biology-inspired microphysiological systems to
advance medicines for patient benefit and animal welfare.
ALTEX 2020, 37:1–30. https://doi.org/10.14573/altex.2001241.

32. Rebelo SP, Dehne EM, Brito C, Horland R, Alves PM, Marx U:
Validation of bioreactor and human-on-a-chip devices for
chemical safety assessment. Adv Exp Med Biol 2016. https://
doi.org/10.1007/978-3-319-33826-2_12.

33. Guidance document on good in vitro method practices (GIVIMP).
OECD; 2018. https://doi.org/10.1787/9789264304796-en.

34. Sriram G, Alberti M, Dancik Y, Wu B, Wu R, Feng Z,
Ramasamy S, Bigliardi PL, Bigliardi-Qi M, Wang Z: Full-thick-
ness human skin-on-chip with enhanced epidermal morpho-
genesis and barrier function. Mater Today 2018, 21:326–340.
https://doi.org/10.1016/j.mattod.2017.11.002.
Current Opinion in Toxicology 2021, 27:8–17

https://doi.org/10.1126/scitranslmed.aad8278
https://doi.org/10.1126/scitranslmed.aad8278
https://doi.org/10.1088/1758-5090/aac8fd
https://doi.org/10.1088/1758-5090/aac8fd
https://doi.org/10.1016/j.tiv.2019.04.019
https://doi.org/10.1016/j.xphs.2021.01.028
https://doi.org/10.1016/j.xphs.2021.01.028
https://doi.org/10.1038/srep35434
https://doi.org/10.1038/s41592-019-0325-y
https://doi.org/10.7554/eLife.50135
https://doi.org/10.1038/srep26715
https://doi.org/10.1038/srep26715
https://doi.org/10.1126/scitranslmed.aav1386
https://doi.org/10.1126/scitranslmed.aav1386
https://doi.org/10.1016/j.tox.2020.152637
https://doi.org/10.1208/s12248-017-0122-4
https://doi.org/10.1208/s12248-017-0122-4
https://doi.org/10.1002/bdd.1940
https://doi.org/10.1002/bdd.1940
https://doi.org/10.1038/s41551-019-0497-x
https://doi.org/10.1080/17460441.2016.1193485
https://doi.org/10.1080/17460441.2016.1193485
https://doi.org/10.1016/j.jpha.2018.12.001
https://doi.org/10.1002/hep.31037
https://doi.org/10.1002/hep.31037
https://doi.org/10.1002/stem.2852
https://doi.org/10.14573/altex.2001241
https://doi.org/10.1007/978-3-319-33826-2_12
https://doi.org/10.1007/978-3-319-33826-2_12
https://doi.org/10.1787/9789264304796-en
https://doi.org/10.1016/j.mattod.2017.11.002
www.sciencedirect.com/science/journal/24682020


16 Translational Toxicology
35. Lukács B, Bajza Á, Kocsis D, Csorba A, Antal I, Iván K, Laki AJ,
Erd}o F: Skin-on-a-chip device for ex vivo monitoring of
transdermal delivery of drugs—design, fabrication, and
testing. Pharmaceutics 2019, 11. https://doi.org/10.3390/
pharmaceutics11090445.

36. Sakamiya M, Fang Y, Mo X, Shen J, Zhang T: A heart-on-a-chip
platform for online monitoring of contractile behavior via
digital image processing and piezoelectric sensing tech-
nique. Med Eng Phys 2020, 75. https://doi.org/10.1016/
j.medengphy.2019.10.001.

37. Marsano A, Conficconi C, Lemme M, Occhetta P, Gaudiello E,
Votta E, Cerino G, Redaelli A, Rasponi M: Beating heart on a
chip: a novel microfluidic platform to generate functional 3D
cardiac microtissues. Lab Chip 2016, 16. https://doi.org/
10.1039/c5lc01356a.

38. Wang Y, Wang H, Deng P, Chen W, Guo Y, Tao T, Qin J: In situ
differentiation and generation of functional liver organoids
from human iPSCs in a 3D perfusable chip system. Lab Chip
2018, 18. https://doi.org/10.1039/c8lc00869h.

39. Lee H, Chae S, Kim JY, Han W, Kim J, Choi Y, Cho DW: Cell-
printed 3D liver-on-a-chip possessing a liver microenviron-
ment and biliary system. Biofabrication 2019, 11. https://doi.org/
10.1088/1758-5090/aaf9fa.

40. Vriend J, Peters JGP, Nieskens TTG, �Skovro�nová R,
Blaimschein N, Schmidts M, Roepman R, Schirris TJJ,
Russel FGM, Masereeuw R, Wilmer MJ: Flow stimulates
drug transport in a human kidney proximal tubule-on-a-
chip independent of primary cilia. Biochim Biophys Acta -
Gen Subj 2020, 1864. https://doi.org/10.1016/
j.bbagen.2019.129433.

41. Vriend J, Nieskens TTG, Vormann MK, van den Berge BT, van
den Heuvel A, Russel FGM, Suter-Dick L, Lanz HL, Vulto P,
Masereeuw R, Wilmer MJ: Screening of drug-transporter in-
teractions in a 3D microfluidic renal proximal tubule on a
chip. AAPS J 2018, 20. https://doi.org/10.1208/s12248-018-
0247-0.

42. Du Y, Khandekar G, Llewellyn J, Polacheck W, Chen CS,
Wells RG: A bile duct-on-a-chip with organ-level func-
tions. Hepatology 2020, 71. https://doi.org/10.1002/
hep.30918.

43. Langerak N, Ahmed HMM, Li Y, Middel IR, Eslami Amirabadi H,
Malda J, Masereeuw R, van Roij R: A theoretical and experi-
mental study to optimize cell differentiation in a novel intes-
tinal chip. Front Bioeng Biotechnol 2020, 8. https://doi.org/
10.3389/fbioe.2020.00763.

44. Lee KK, McCauley HA, Broda TR, Kofron MJ, Wells JM, Hong CI:
Human stomach-on-a-chip with luminal flow and peristaltic-
like motility. Lab Chip 2018, 18. https://doi.org/10.1039/
c8lc00910d.

45. Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY,
Ingber DE: Reconstituting organ-level lung functions on a
chip. Science 2010, 328:1662–1668. https://doi.org/10.1126/
science.1188302.

46. Stucki JD, Hobi N, Galimov A, Stucki AO, Schneider-Daum N,
Lehr CM, Huwer H, Frick M, Funke-Chambour M, Geiser T,
Guenat OT: Medium throughput breathing human primary cell
alveolus-on-chip model. Sci Rep 2018, 8. https://doi.org/
10.1038/s41598-018-32523-x.

47. Thacker VV, Dhar N, Sharma K, Barrile R, Karalis K,
McKinney JD: A lung-on-chip model of early m. Tuberculosis
infection reveals an essential role for alveolar epithelial cells
in controlling bacterial growth. eLife 2020, 9. https://doi.org/
10.7554/eLife.59961.

48. Esch MB, Ueno H, Applegate DR, Shuler ML: Modular, pump-
less body-on-a-chip platform for the co-culture of GI tract
epithelium and 3D primary liver tissue. Lab Chip 2016, 16:
2719–2729. https://doi.org/10.1039/c6lc00461j.

49. Esch MB, Mahler GJ, Stokol T, Shuler ML: Body-on-a-chip
simulation with gastrointestinal tract and liver tissues sug-
gests that ingested nanoparticles have the potential to cause
liver injury. Lab Chip 2014, 14:3081–3092. https://doi.org/
10.1039/c4lc00371c.
Current Opinion in Toxicology 2021, 27:8–17
50. Sung JH, Kam C, Shuler ML: A microfluidic device for a
pharmacokinetic-pharmacodynamic (PK-PD) model on a
chip. Lab Chip 2010, 10:446–455. https://doi.org/10.1039/
b917763a.

51. Oleaga C, Riu A, Rothemund S, Lavado A, McAleer CW,
Long CJ, Persaud K, Narasimhan NS, Tran M, Roles J, Carmona-
Moran CA, Sasserath T, Elbrecht DH, Kumanchik L, Bridges LR,
Martin C, Schnepper MT, Ekman G, Jackson M, Wang YI, Note R,
Langer J, Teissier S, Hickman JJ: Investigation of the effect of
hepatic metabolism on off-target cardiotoxicity in a multi-
organ human-on-a-chip system. Biomaterials 2018, 182:
176–190. https://doi.org/10.1016/j.biomaterials.2018.07.062.

52. Oleaga C, Bernabini C, Smith AST, Srinivasan B, Jackson M,
McLamb W, Platt V, Bridges R, Cai Y, Santhanam N, Berry B,
Najjar S, Akanda N, Guo X, Martin C, Ekman G, Esch MB,
Langer J, Ouedraogo G, Cotovio J, Breton L, Shuler ML,
Hickman JJ: Multi-Organ toxicity demonstration in a func-
tional human in vitro system composed of four organs. Sci
Rep 2016, 6:1–17. https://doi.org/10.1038/srep20030.

53. Mahler GJ, Esch MB, Glahn RP, Shuler ML: Characterization of
a gastrointestinal tract microscale cell culture analog used to
predict drug toxicity. Biotechnol Bioeng 2009, 104:193–205.
https://doi.org/10.1002/bit.22366.

54. won Jeon J, Choi N, Lee SH, Sung JH: Three-tissue micro-
physiological system for studying inflammatory responses in
gut-liver Axis. Biomed Microdevices 2020, 22:1–11. https://
doi.org/10.1007/s10544-020-00519-y.

55. Lee DW, Ha SK, Choi I, Sung JH: 3D gut-liver chip with a PK
model for prediction of first-pass metabolism. Biomed Micro-
devices 2017, 19. https://doi.org/10.1007/s10544-017-0242-8.

56. Choe A, Ha SK, Choi I, Choi N, Sung JH: Microfluidic Gut-liver
chip for reproducing the first pass metabolism. Biomed
Microdevices 2017, 19:1–11. https://doi.org/10.1007/s10544-016-
0143-2.

57. Lee SY, Sung JH: Gut– liver on a chip toward an in vitro model
of hepatic steatosis. Biotechnol Bioeng 2018, 115:2817–2827.
https://doi.org/10.1002/bit.26793.

58. Lee H, Kim DS, Ha SK, Choi I, Lee JM, Sung JH: A pumpless
multi-organ-on-a-chip (MOC) combined with a
pharmacokinetic–pharmacodynamic (PK–PD) model. Bio-
technol Bioeng 2017, 114:432–443. https://doi.org/10.1002/
bit.26087.

59. Kim JY, Fluri DA, Kelm JM, Hierlemann A, Frey O: 96-Well
format-based microfluidic platform for parallel interconnec-
tion of multiple multicellular spheroids. J Lab Autom 2015, 20:
274–282. https://doi.org/10.1177/2211068214564056.

60. Kim JY, Fluri DA, Marchan R, Boonen K, Mohanty S, Singh P,
Hammad S, Landuyt B, Hengstler JG, Kelm JM, Hierlemann A,
Frey O: 3D spherical microtissues and microfluidic technol-
ogy for multi-tissue experiments and analysis. J Biotechnol
2015, 205:24–35. https://doi.org/10.1016/j.jbiotec.2015.01.003.

61. Frey O, Misun PM, Fluri DA, Hengstler JG, Hierlemann A:
Reconfigurable microfluidic hanging drop network for multi-
tissue interaction and analysis. Nat Commun 2014, 5. https://
doi.org/10.1038/ncomms5250.

62. Materne EM, Ramme AP, Terrasso AP, Serra M, Alves PM,
Brito C, Sakharov DA, Tonevitsky AG, Lauster R, Marx U:
A multi-organ chip co-culture of neurospheres and liver
equivalents for long-term substance testing. J Biotechnol
2015, 205:36–46. https://doi.org/10.1016/j.jbiotec.2015.02.002.

63. Maschmeyer I, Hasenberg T, Jaenicke A, Lindner M, Lorenz AK,
Zech J, Garbe LA, Sonntag F, Hayden P, Ayehunie S, Lauster R,
Marx U, Materne EM: Chip-based human liver-intestine and
liver-skin co-cultures – a first step toward systemic repeated
dose substance testing in vitro. Eur J Pharm Biopharm 2015,
95:77–87. https://doi.org/10.1016/j.ejpb.2015.03.002.

64. Wagner I, Materne EM, Brincker S, Süßbier U, Frädrich C,
Busek M, Sonntag F, Sakharov DA, Trushkin EV, Tonevitsky AG,
Lauster R, Marx U: A dynamic multi-organ-chip for long-term
cultivation and substance testing proven by 3D human liver
and skin tissue co-culture. Lab Chip 2013, 13:3538–3547.
https://doi.org/10.1039/c3lc50234a.
www.sciencedirect.com

https://doi.org/10.3390/pharmaceutics11090445
https://doi.org/10.3390/pharmaceutics11090445
https://doi.org/10.1016/j.medengphy.2019.10.001
https://doi.org/10.1016/j.medengphy.2019.10.001
https://doi.org/10.1039/c5lc01356a
https://doi.org/10.1039/c5lc01356a
https://doi.org/10.1039/c8lc00869h
https://doi.org/10.1088/1758-5090/aaf9fa
https://doi.org/10.1088/1758-5090/aaf9fa
https://doi.org/10.1016/j.bbagen.2019.129433
https://doi.org/10.1016/j.bbagen.2019.129433
https://doi.org/10.1208/s12248-018-0247-0
https://doi.org/10.1208/s12248-018-0247-0
https://doi.org/10.1002/hep.30918
https://doi.org/10.1002/hep.30918
https://doi.org/10.3389/fbioe.2020.00763
https://doi.org/10.3389/fbioe.2020.00763
https://doi.org/10.1039/c8lc00910d
https://doi.org/10.1039/c8lc00910d
https://doi.org/10.1126/science.1188302
https://doi.org/10.1126/science.1188302
https://doi.org/10.1038/s41598-018-32523-x
https://doi.org/10.1038/s41598-018-32523-x
https://doi.org/10.7554/eLife.59961
https://doi.org/10.7554/eLife.59961
https://doi.org/10.1039/c6lc00461j
https://doi.org/10.1039/c4lc00371c
https://doi.org/10.1039/c4lc00371c
https://doi.org/10.1039/b917763a
https://doi.org/10.1039/b917763a
https://doi.org/10.1016/j.biomaterials.2018.07.062
https://doi.org/10.1038/srep20030
https://doi.org/10.1002/bit.22366
https://doi.org/10.1007/s10544-020-00519-y
https://doi.org/10.1007/s10544-020-00519-y
https://doi.org/10.1007/s10544-017-0242-8
https://doi.org/10.1007/s10544-016-0143-2
https://doi.org/10.1007/s10544-016-0143-2
https://doi.org/10.1002/bit.26793
https://doi.org/10.1002/bit.26087
https://doi.org/10.1002/bit.26087
https://doi.org/10.1177/2211068214564056
https://doi.org/10.1016/j.jbiotec.2015.01.003
https://doi.org/10.1038/ncomms5250
https://doi.org/10.1038/ncomms5250
https://doi.org/10.1016/j.jbiotec.2015.02.002
https://doi.org/10.1016/j.ejpb.2015.03.002
https://doi.org/10.1039/c3lc50234a
www.sciencedirect.com/science/journal/24682020


Multi-organ-on-chip models for drug disposition van Berlo et al. 17
65. Hübner J, Raschke M, Rütschle I, Gräßle S, Hasenberg T,
Schirrmann K, Lorenz A, Schnurre S, Lauster R, Maschmeyer I,
Steger-Hartmann T, Marx U: Simultaneous evaluation of anti-
EGFR-induced tumour and adverse skin effects in a micro-
fluidic human 3D co-culture model. Sci Rep 2018, 8:1–12.
https://doi.org/10.1038/s41598-018-33462-3.

66. Schimek K, Frentzel S, Luettich K, Bovard D, Rütschle I, Boden L,
Rambo F, Erfurth H, Dehne EM, Winter A, Marx U, Hoeng J:
Human multi-organ chip co-culture of bronchial lung culture
and liver spheroids for substance exposure studies. Sci Rep
2020, 10:1–13. https://doi.org/10.1038/s41598-020-64219-6.

67
*
. Baert Y, Ruetschle I, Cools W, Oehme A, Lorenz A, Marx U,

Goossens E, Maschmeyer I: A multi-organ-chip co-culture of
liver and testis equivalents: a first step toward a systemic
male reprotoxicity model. Hum Reprod 2020, 35:1029–1044.
https://doi.org/10.1093/humrep/deaa057.

The authors have developed and optimized a multi-organ-on-chip
system with liver spheroids and a renal proximal tubule barrier system
for long term cell culture. A 14-day repeated dose experiment with
cyclosporine with or without rifampicin was performed, showing the
potential of such system to go beyond the acute exposure regimens
that are typically assessed in vitro.

68. Lin N, Zhou X, Geng X, Drewell C, Hübner J, Li Z, Zhang Y,
Xue M, Marx U, Li B: Repeated dose multi-drug testing using a
microfluidic chip-based coculture of human liver and kidney
proximal tubules equivalents. Sci Rep 2020, 10:1–15. https://
doi.org/10.1038/s41598-020-65817-0.

69
*
. Chen WLK, Edington C, Suter E, Yu J, Velazquez JJ,

Velazquez JG, Shockley M, Large EM, Venkataramanan R,
Hughes DJ, Stokes CL, Trumper DL, Carrier RL, Cirit M,
Griffith LG, Lauffenburger DA: Integrated gut/liver micro-
physiological systems elucidates inflammatory inter-tissue
crosstalk. Biotechnol Bioeng 2017, 114:2648–2659. https://
doi.org/10.1002/bit.26370.

In this paper, an ulcerative colitis multi-organ-on-chip system is
presented consisting of gut, liver and circulating Treg and Th17 cells.
Incorporation of an immune component in an in vitro model is a valu-
able asset for investigation of the effect of drugs on immunity and
immune-mediated effects. This open top microfluidic system allows for
easy operation and benefits from low adsorption of drugs in the system.

70. Trapecar M, Communal C, Velazquez J, Maass CA, Huang YJ,
Schneider K, Wright CW, Butty V, Eng G, Yilmaz O, Trumper D,
Griffith LG: Gut-liver physiomimetics reveal paradoxical
modulation of IBD-related inflammation by short-chain fatty
www.sciencedirect.com
acids. Cell Syst 2020, 10. https://doi.org/10.1016/
j.cels.2020.02.008. 223–239.e9.

71. Edington CD, Chen WLK, Geishecker E, Kassis T, Soenksen LR,
Bhushan BM, Freake D, Kirschner J, Maass C, Tsamandouras N,
Valdez J, Cook CD, Parent T, Snyder S, Yu J, Suter E,
Shockley M, Velazquez J, Velazquez JJ, Stockdale L, Papps JP,
Lee I, Vann N, Gamboa M, Labarge ME, Zhong Z, Wang X,
Boyer LA, Lauffenburger DA, Carrier RL, Communal C,
Tannenbaum SR, Stokes CL, Hughes DJ, Rohatgi G,
Trumper DL, Cirit M, Griffith LG: Interconnected micro-
physiological systems for quantitative biology and pharma-
cology studies. Sci Rep 2018, 8:1–18. https://doi.org/10.1038/
s41598-018-22749-0.

72. Prot JM, Maciel L, Bricks T, Merlier F, Cotton J, Paullier P,
Bois FY, Leclerc E: First pass intestinal and liver metabolism
of paracetamol in a microfluidic platform coupled with a
mathematical modeling as a means of evaluating ADME
processes in humans. Biotechnol Bioeng 2014, 111:
2027–2040. https://doi.org/10.1002/bit.25232.

73. Essaouiba A, Okitsu T, Kinoshita R, Jellali R, Shinohara M,
Danoy M, Legallais C, Sakai Y, Leclerc E: Development of a
pancreas-liver organ-on-chip coculture model for organ-to-
organ interaction studies. Biochem Eng J 2020, 164. https://
doi.org/10.1016/j.bej.2020.107783.

74. Jellali R, Paullier P, Fleury MJ, Leclerc E: Liver and kidney cells
cultures in a new perfluoropolyether biochip. Sensor Actuator
B Chem 2016, 229:396–407. https://doi.org/10.1016/
j.snb.2016.01.141.

75. Zhang YS, Aleman J, Shin SR, Kilic T, Kim D, Shaegh SAM,
Massa S, Riahi R, Chae S, Hu N, Avci H, Zhang W, Silvestri A,
Nezhad AS, Manbohi A, De Ferrari F, Polini A, Calzone G,
Shaikh N, Alerasool P, Budina E, Kang J, Bhise N, Ribas J,
Pourmand A, Skardal A, Shupe T, Bishop CE, Dokmeci MR,
Atala A, Khademhosseini A: Multisensor-integrated organs-on-
chips platform for automated and continual in situ monitoring
of organoid behaviors. Proc Natl Acad Sci USA 2017, 114:
E2293–E2302. https://doi.org/10.1073/pnas.1612906114.

76. Skardal A, Murphy SV, Devarasetty M, Mead I, Kang HW,
Seol YJ, Zhang YS, Shin SR, Zhao L, Aleman J, Hall AR,
Shupe TD, Kleensang A, Dokmeci MR, Jin Lee S, Jackson JD,
Yoo JJ, Hartung T, Khademhosseini A, Soker S, Bishop CE,
Atala A: Multi-tissue interactions in an integrated three-tissue
organ-on-a-chip platform. Sci Rep 2017, 7:1–16. https://doi.org/
10.1038/s41598-017-08879-x.
Current Opinion in Toxicology 2021, 27:8–17

https://doi.org/10.1038/s41598-018-33462-3
https://doi.org/10.1038/s41598-020-64219-6
https://doi.org/10.1093/humrep/deaa057
https://doi.org/10.1038/s41598-020-65817-0
https://doi.org/10.1038/s41598-020-65817-0
https://doi.org/10.1002/bit.26370
https://doi.org/10.1002/bit.26370
https://doi.org/10.1016/j.cels.2020.02.008
https://doi.org/10.1016/j.cels.2020.02.008
https://doi.org/10.1038/s41598-018-22749-0
https://doi.org/10.1038/s41598-018-22749-0
https://doi.org/10.1002/bit.25232
https://doi.org/10.1016/j.bej.2020.107783
https://doi.org/10.1016/j.bej.2020.107783
https://doi.org/10.1016/j.snb.2016.01.141
https://doi.org/10.1016/j.snb.2016.01.141
https://doi.org/10.1073/pnas.1612906114
https://doi.org/10.1038/s41598-017-08879-x
https://doi.org/10.1038/s41598-017-08879-x
www.sciencedirect.com/science/journal/24682020

	The potential of multi-organ-on-chip models for assessment of drug disposition as alternative to animal testing
	Efficacy, safety, and drug disposition in humans: lost in translation
	Using multiorgan-on-chip technology to assess ADME-DMPK in vitro
	The road ahead for drug disposition on a chip
	Conclusions and future perspective
	Declaration of competing interest
	Acknowledgements
	References


