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Highlights
Multiorgan-on-a-chip (multi-OoC)
devices, by supporting cross-organ
communication, allow the study of
multiorgan processes and modeling of
systemic diseases.

Multi-OoC approaches provide new
insights that would be lost using single-
OoC models.

Various coupling configurations have
been proposed for building multi-OoC
platforms, and these present different
levels of user-friendliness.
Multiorgan-on-a-chip (multi-OoC) platforms have great potential to redefine
the way in which human health research is conducted. After briefly reviewing
the need for comprehensive multiorgan models with a systemic dimension, we
highlight scenarios in which multiorgan models are advantageous. We next
overview existing multi-OoC platforms, including integrated body-on-a-chip
devices and modular approaches involving interconnected organ-specific
modules. We highlight how multi-OoC models can provide unique information
that is not accessible using single-OoC models. Finally, we discuss remaining
challenges for the realization of multi-OoC platforms and their worldwide adoption.
We anticipate that multi-OoC technology will metamorphose research in biology
and medicine by providing holistic and personalized models for understanding
and treating multisystem diseases.
Multi-OoC platforms have the poten-
tial to transform medical research by
opening new avenues for under-
standing multiorgan diseases and for
developing personalized treatments.

To further emulate the complexity of the
human system in vivo, key elements
of the immune, nervous, and vascular
systems are being integrated into multi-
OoC models.

The next generation of multi-OoCs will
incorporate multimodal and real-time
readouts in the form of on-chip chemical,
physical, and molecular sensors, as well
as online multiomic analysis.
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Why Go Systemic?
Interactions betweenmultiple organs are essential to ensure proper physiological functioning of the
human body. Although organs are physically separated in vivo, their communication is mediated
via the blood and lymph circulation by various signals (soluble factors, exosomes, cells, etc.) to
maintain overall viability and homeostasis. For example, the journey of orally ingested substances
(nutrients, chemicals, drugs, etc.) is well orchestrated and involves different organs through a
specific sequence in which each organ has a specific function: the small intestine absorbs the
(digested) substances, the liver metabolizes them, they are then delivered to target organs via
the blood circulation, and the kidney excretes corresponding waste products. This complex
process of absorption/distribution/metabolism/excretion/toxicity (ADMET; see Glossary)
affects the fate, distribution, efficacy (if applicable), and possible toxicity of exogenous substances
(e.g., food, drugs, additives, environmental pollutants) [1] through unwanted side-effects in
secondary tissues.

In addition, many functions and processes in the body depend on regulatory pathways and
hormonal feedback loops that involve organs of the endocrine system. The reproductive system,
which comprises multiple tissues, relies on endocrine loops that control peripheral tissues.
Similarly, Langerhans islets in the pancreas secrete insulin that promotes glucose uptake by
the liver. Together, this systemic and cross-organ communication is key to deciphering and
emulating the temporal processes involved in physiological functions.

As a direct consequence, many diseases such as sepsis, osteoarthritis, gout, infertility, and
neurodegenerative diseases involve multiple organs, and systemic approaches must therefore
be pursued to accurately model them. Similarly, deciphering this cross-organ communication is
essential for identifying biomarkers in body fluids for diagnostic purposes. For instance, tumor
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tissues release various molecules (miRNA, circulating tumor DNA, peptides, etc.), tumor-derived
extracellular vesicles (tdEVs), and circulating tumor cells (CTCs) which play a central role in cancer
metastasis and are key for cancer patient management [2,3].

All these examples illustrate that it is essential to include cross-organ communication and a
systemic dimension, as depicted in Figure 1, which is most commonly achieved by using animal
models. Nevertheless, in vivo models suffer from numerous limitations: high experimental costs,
limited throughput, ethical concerns, and differences in genetic background. More importantly,
they exhibit large physiological differences in terms of drug effects and/or disease phenotypes
compared with humans, which explains the frequent failure of clinical trials [4]. Overall, animals
do not allow analysis of inter-organ crosstalk, determination of quantitative pharmacokinetics
(PK), or prediction of ADMET parameters, as recently highlighted [5]. Therefore, advanced
in vitro approaches incorporating a systemic dimension and multiple organs must be developed
to faithfully emulate human health and pathophysiology.

Previous efforts to study organ communication in vitro have employed either conditioned
medium or cocultures in Transwell platforms. However, Transwell devices use large volumes
TrendsTrends inin BiotechnologyBiotechnology

Figure 1. Various Multiorgan-on-a-Chip Combinations as a Model of Human Physiology and Pathophysiology
in Different Biomedical Applications. For each application (right side), a minimal set of organs necessary to build an
accurate systemic model is indicated, those organs being highlighted with colored squares (left side).
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Glossary
Absorption/distribution/metabolism/
excretion/toxicity (ADMET): the key
processes that determine the safety,
distribution, elimination, metabolic
action, performance, pharmacological
activity, and possible side-effects of a
drug, food or/and additives therein, and
environmental pollutants on a living
organism exposed to them.
Conditioned medium: medium
obtained from the culture of cells or
tissues that contains biologically active
substances released by these cells/
tissues. This medium is used to
stimulate the response of other cells/
tissues in terms of cell physiological
function such as growth, migration, etc.
Induced pluripotent stem cells
(iPSCs): pluripotent cells generated from
somatic human cells (fully differentiated
adult cells, e.g., fibroblasts) that are
reprogrammed by the introduction of
three genes (encoding pluripotency
transcription factors Oct4, Nanog, and
Sox2) or four genes together with c-Myc.
Of significance is their potential to create
patient-specific cells, using a patient’s
own adult cells, that are extremely
valuable for generating personalized
tissues for disease modeling or
transplantation therapies.
In situ analysis: characterization of a
sample directly in the (OoC) device
without extraction from its location.
Multiorgan platforms: miniaturized
microfluidic systems composed of
several organ/tissue models that are
either built from individual chip units
connected by capillary tubing or
integrated into a plate.
Offline measurement: analysis of a
sample after it has been extracted froma
(OoC) device.
Online measurement: analysis in a
continuous and real-time way of
samples eluted from a (OoC) device by
using for instance tubing connected to a
measuring instrument or assay.
Organ-on-a-Chip (OoC): a 3D
engineered biological model
implemented in a microfluidic format that
mimics the structure, physiological
function, and biomechanics of organs.
Pharmacokinetic/
pharmacodynamic (PK/PD) analysis:
modeling mathematical aspects to
describe how fast and how completely a
drug is absorbed into the body,
distributed through the various tissues
and fluids, metabolized, and eliminated
from the body (via urine, feces, etc.).

Trends in Biotechnology
OPEN ACCESS
of liquid, and communication is therefore slow and low-concentration signaling factors are
diluted, which altogether hampers studying cellular communication. Furthermore, the culture is
entirely static, which precludes emulation of dynamic processes and the application of controlled
cell biochemical and/or physical stimuli.

Using a microfluidic format can solve some of these issues by offering sub-milliliter volumes,
dynamic culture, and exquisite spatiotemporal control over physical and chemical parameters
in the cell/tissue vicinity. For instance, cell–cell communication has been studied in microdevices
under continuous flow by using chambers separated by porous membranes [6], pillar arrays [7],
or channels [8].

Building on these microfluidic cell cultures, organ-on-a-chip (OoC) devices aim to mimic the
architecture and function of an organ by combining 3D bioengineered constructs (e.g., cell-
laden hydrogels [9], differentiated epithelium [10,11], multicellular spheroids [12], and organoids
[13–15]), ex vivo tissues (e.g., biopsies or explants) [16–18], recellularized scaffolds [19] and
bioprinted constructs [20] with microfabricated structures [21], and possibly active stimulation
(electrical, biochemical, or mechanical) [22–24]. The OoC field has been blossoming for a decade,
and models have been proposed for virtually all organs and physiological barriers in the human
body [21,25,26]. These OoC platforms are revolutionizing the field of in vitro experimentation
and hold great promise for reducing animal testing.

Nevertheless, most OoC models are based on a single cell type or tissue, and lack both a
systemic dimension and cross-organ communication. In a major recent breakthrough, multiple
organs have been modeled in a single device as a multiorgan platform [13] (Figure 2). As
detailed in Box 1, two major approaches are being pursued to realize multi-OoC platforms:
coupling of single-OoC units and integration of multiple organs into one plate (multi-OoC plates).

In this reviewwe first provide an overview of existingmulti-OoC platforms and discuss combinations
of organs that are best suited for particular applications. Specific areas of research are highlighted in
which a multi-OoC approach brings superior information compared with single-OoC models.
Finally, we discuss essential challenges remaining for the realization of multi-OoC platforms.

Latest Developments in the Multi-OoC Field
In the following section we review various multi-OoC applications. In each application we discuss
the set of organs considered and highlight unique information provided by this multi-OoC
approach. Selected examples over the past 5 years are summarized in Table 1 (Key Table).

Toxicity Screening
Toxicity is closely linked to metabolism by the liver, and multi-OoC approaches developed for toxicity
purposes therefore include a liver model and at least one other (target) organ. For instance, to
examine the acute and chronic toxicity of inhaled aerosols or drugs, human liver spheroids have
been combined with a 3D lung epithelium model [27] (Figure 2C). For pharmacological studies an
intestinemodel is typically added to this minimal liver–target organ coculture tomimic drug absorption
[28]. Alternatively, when the undesired side-effects of a therapeutic treatment are being evaluated,
both the target organ and the organ where side-effects are expected, for example, the kidney
(nephrotoxicity), heart (cardiotoxicity) [29] or brain (neurotoxicity) [30], are modeled in the same
platform. This approach has notably been used to assess the impact of anti-EGFR (epidermal growth
factor receptor) treatment of a lung tumor on a skin model [31], of cyclophosphamide on heart [29],
and the deleterious effects of 2.5-hexanedione on 3D neurospheres [30]. These studies collectively
demonstrate the importance of coculture approaches for predicting compound safety and efficacy.
790 Trends in Biotechnology, August 2021, Vol. 39, No. 8



Transwell: devices in which a
semipermeable (porous) polymeric
membrane delimits two chambers
(upper and lower) in a microwell. These
compartmentalized devices present
basolateral and apical sides and are
typically employed to model
physiological barriers (e.g., skin, blood–
brain barrier, vessels, etc.), to study cell–
cell interactions, transport, or metabolic
activities, or to monitor cell
transmigration (e.g., intravasation or
extravasation of cancerous cells during
metastasis). Today it is used as a
common name, often without its
registered trademark, written 'transwell'
or 'Transwell'.
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Drug Metabolism
Multi-OoC platforms supporting liver–target organ communication similarly open new possibilities for
testing prodrugs that only become biologically active following hepatic metabolism. This bioactivation
processwas successfully recapitulated for cyclophosphamide targeting of colorectal cancer by using
spheroids cocultured under flow conditions in a 96-well format [32], and in a self-adjusting modular
Tetris-like microfluidic platform (TILE) [33] (Figure 2H), where it was found to effectively overcome the
'apparent' resistance of metastatic oral squamous cell carcinoma (OSCC) tumor. The efficacy of
multi-OoC was demonstrated for another prodrug, capecitabine, and its 5-fluorouracil metabolite
in a liver–colorectal cancer coculture [34] (Figure 2E). Liver bioactivation was also examined for
non-cancerous drugs. Both the hepatic metabolism of vitamin D and renal bioactivation of the
resulting product were mimicked in a human liver–kidney multi-OoC [35] (Figure 2A), revealing en-
hanced expression of vitamin D metabolizing enzymes. The same liver–colorectal cancer coculture
proved successful for the bioactivation by the liver of the pro-drug cyclophosphamide and enabled
more potent suppression of the endothelial inflammatory response [36]. Finally, using a liver–immune
system coculture, drug-induced skin sensitization was successfully predicted in vitro by modeling
drugmetabolismby 3D liver tissue and evaluating immune cascade activation by the resultingmetab-
olites [37]. This last example further illustrates the importance of multi-OoCmodels for evaluating sys-
temic drug effects that involve multiple processes and different organs.

Pharmacokinetics
PK studies, that aim to understand and predict the biological effects (therapeutic or toxic) of
xenobiotics on the body, require by definition modeling of various organs and their interactions.
First, Skardal and colleagues emulated a drug response resulting from the crosstalk of heart,
liver, and lung [38]. In another work, combining liver and lung with small intestine allowed evalu-
ation of the PK of orally administered anticancer drugs [28]. Building further upon this approach,
other organs were included in this multi-OoC platform, such as endothelium, brain, and testis
[13], or liver, pancreas, gut, lung, heart, muscle, brain, skin, kidney, and endometrium [39],
allowing very accurate pharmacokinetic/pharmacodynamic (PK/PD) analysis. Interestingly,
several studies demonstrated that quantitative drug PK parameters, as measured in patients, can
be predicted using a combination of a multi-OoC platform (liver–kidney or body-on-a-chip model)
and PK modeling [40–42]. PK studies often suffer from the limited longevity of in vitro organ
models, an issue which can be overcome by connecting single OoC models only once each
organ culture has been established under optimized conditions [43].

ADMET Profiling
ADMET studies typically require all necessary organs to emulate the processes of absorption
(intestine), distribution (blood circulation), metabolism (liver), excretion (kidney), and toxicity (a
target organ). First, a modular two-organ platform combining 3D liver tissues and a differentiated
gastrointestinal (GI) tract epithelium was proposed to emulate the absorption and metabolism of
exogenous substances [44] (Figure 2F); both organ models were maintained for up to 14 days
in this coculture configuration, and displayed enhanced cytochrome p450 (CYP) activities
compared with liver alone. Next, in a quadruple coculture platform combining skin and intestine
(to mimic topical and oral administrations) with liver and kidney (to reproduce drug metabolism
and clearance), the integrity and functionality of all four organs were maintained for up to
28 days [45] (Figure 2G). Because each organ compartment in this platform was separately
irrigated by medium, fluids could be collected at any time, which is essential for acquiring precise
PK parameters such as the effective drug concentration and maximum tolerable dose. A brain
model was added to the same platform, with all organs being built from induced pluripotent
stem cells (iPSCs) derived from the same healthy donor, to produce an autologous system
[46]. All organs were successfully cultured for 14 days using a common medium without any
tissue-specific growth factor, and, except for the kidney, their differentiation was maintained.
Trends in Biotechnology, August 2021, Vol. 39, No. 8 791
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Figure 2. Multiorgan-on-a-Chip (OoC) Devices. (A) Multicompartment liver–kidney combination in a plate format for studying the metabolism
of vitamin D3. Reprinted, with permission, from [35]. (B) Multi-OoCmodel comprising amicrofluidic motherboard, an external peristaltic pump, and
capillary connections for in situ monitoring of organoid behavior using integrated sensors. Reprinted, with permission, from [73]. (C) Two-way
communication between lung and liver models for toxicity studies using a multi-OoC plate that incorporates liver spheroids and a differentiated
lung epithelium cultured under air–liquid interface conditions. Reprinted, with permission, from [27]. (D) Tilting platform for dynamic medium
perfusion in a multi-OoC plate containing spheroid models of liver and colorectal cancer. Reprinted, with permission, from [36]. (E) Multi-OoC
plate with pressure-driven medium circulation between organs, applied here to two-organ (liver and colorectal cancer) and four-organ
configurations (intestine, liver, tumor, and connective tissue). Reprinted, with permission, from [34]. (F) Modular multi-OoC platform for the
coculture of a gastrointestinal (GI) tract epithelium and 3D primary liver tissues using gravity to actuate the flow. Reprinted, with permission,
from [44]. (G) Multi-OoC plate combining four organs (intestine, liver, skin and kidney) for ADMET studies, with an on-chip peristaltic pumping
module. Reprinted, with permission, from [45]. (H) Self-aligning Tetris-like (TILE) modular multi-OoC platform to study multiorgan interactions in
a modular and flexible manner, with on-demand platform assembly and disassembly for analysis. Reprinted, with permission, from [33].
Abbreviation: AML, acute myeloid leukemia.
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Box 1. Multi-OoC Typology and Applications

Multi-OoC devices can be classified into two main distinct types, this typology referring to the engineering approach used
for their realization, namely through connection of single OoC units or by using a multi-OoC plate.

First, single OoC units are connected via capillary tubing or a microfluidic motherboard to reproduce the systemic interactions
between two ormore organmodels (Figure IA). Thismodular approach allows reconfiguration of themulti-OoCplatform and sup-
ports the use of individual vascularized organs by using organ-specificmicrovasculature endothelial cells. Furthermore, the single
OoCmodules can first be established andmatured using specificmediumbefore they are connected to each other. By contrast,
multi-OoC devices (Figure IB) integrate in a single-plate format all different organ models at different locations, where channels in
the plate act as a vascular-like system to support inter-organ communication. This second approach is much akin to the human-
on-a-chip or body-on-a-chip paradigm in which virtually all organs are modeled (Figure IC). Multi-OoC plates are more compact
and user-friendly, they do not require manual and cumbersome connection, they limit the risks for leakage, and, in some cases,
they can integrate a liquid actuation system. They are also advantageous for minimizing the total recirculation volume (see section
on ‘Circulation of Medium’ in the main text). However, organ-specific vascularization is less trivial, and combining different organs
modeled following various approaches see (section on .Organ Models. in the main text) may be more challenging.

These two different multi-OoC approaches are arguably better suited for specific purposes. The former 'Lego-like' approach
is likely to be preferred for more fundamental research in an academic setting. However, they offer only low-to-moderate
throughput, which is not ideal for preclinical, toxicity, or drug efficacy tests. By contrast, the more integrated and turnkey
plate-based platforms offer higher throughput, and are hence more appropriate for the identification of biomarkers and
therapeutic targets, and for the selection and optimization of drug candidates.

TrendsTrends inin BiotechnologyBiotechnology

Figure I. Schematic Representation of the TwoMain Approaches for DevelopingMulti-OoCSystems. (A) Through
coupling of single OoC devices, each modeling a different organ, via capillary connection or a microfluidic motherboard (B); and
(C) by integrating different organ models in a single plate, an approach that is more in line with the body-on-a-chip philosophy.
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Multiorgan Metabolic Diseases and Reproductive Medicine
Modeling multiorgan diseases suffers from the poor accessibility of some organs and the fact that
different cell types are involved in metabolic homeostasis. In this context, multi-OoC approaches
can provide more complex disease models while giving access to key molecular mechanisms
[47]. Recently, a multimodule system emulating different functions of the brain allowed the
Trends in Biotechnology, August 2021, Vol. 39, No. 8 793

Image of Figure I


Key Table

Table 1. Overview of Recently Reported Multi-OoC Platformsa,b
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Table 1 (continued)
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pa
rt

m
en

t 

N.A. 

M
ul

�-
O

oC
 p

la
te

 

PDMS N.A N - 

In
 si

tu
 

EMT markers 
in a model 

and invasion 
in distant 

organs 
(E-cadherin, 
N-cadherin, 

Snail1, Snail2) 

Immuno-
staining 

Reproduc�on 
of cancer 

growth and 
metastasis 
processes. 

 
Valida�on 

using a mouse 
model 

54 

Brain 

3D cell culture 

Ha-1800 

Lung model 
characteriza�

on 
Macrophage 
M2 marker 

CD206 + 
fibroblast 

marker a-SMA 
+ lung cancer 
marker CEA 

Bone Fob1.1 

Tight junc�on  
(E-Cadherin) 

in lung 
epithelium 

and 
endothelium 

Liver L-02 

Cell apoptosis Hoechst / PI 
staining 

Tracking of 
lung tumor 
and stromal 

cells 

Fluorescence 
microscopy  
(Cell Tracker 

dye) 

Colon 
tumor 

metastasis 
in liver and 

drug 
screening 

Colon 
cancer 

3D cell culture in 
HA/ PEGDA / 

gela�n hydrogel 

 (RFP)-HCT-
116  INT-407 
(1:10 ra�o) 

N.A. N.A. 

M
ul

�-
O

oC
 p

la
te

 

PDMS DMEM  Y 24 
d 

O
ff-

lin
e 

Characteriza�
on of organ 

models (ZO-1, 
β-catenin, 
MMP 9, N-
cadherin, 

PCNA, 
Vinculin) 

Immuno-
staining 

Tumor cell 
migra�on 

influenced by 
the liver model 

mechanical 
proper�es and 
drug treatment 

93 

Liver HepG2 

In
 si

tu
 Tumor cell 

expansion and 
migra�on  

Cell tracking 

(continued on next page)
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Table 1 (continued)

Evalua�on 
of 

metasta�c 
preferences 
of CTC-like 

breast 
cancer cells 

under 
chemokine 
s�mula�on

Bone

Transwell-like 
support

rBMC

Va
sc

ul
ar

 e
nd

ot
he

lia
l b

ar
rie

r
(H

U
VE

Cs
 g

ro
w

n 
in

 b
as

ol
at

er
al

 c
om

pa
rt

m
en

ts
) 

Ch
em

ok
in

e 
s�

m
ul

a�
on

 to
 tr

ig
ge

r m
et

as
ta

sis

M
ul

�-
O

oC
 p

la
te

PDMS 
on

Glass

DMEM
F12

(1:1 ra�o)
or

L-15
medium

N
30 
mi
n

In
 si

tu

Breast tumor 
CTC-like cell 

invasion
Cell tracking

CTCs showed 
mainly 

metasta�c 
poten�al to 

lung over 
muscle, and to 
liver then bone 
marrow over 
muscle in the 
microfluidic 

model

Model and 
result 

valida�on using 
a mouse 
model.

53

Characteri-
za�on of the 
endothelium 

(ZO-1 marker)

Immuno-
staining

Lung
Rat primary 

murine 
pulmonary 

cells
Cell viability Live/Dead 

staining

Muscle

Rat primary 
murine 

muscle cells

O
ff-

lin
e

CXCL12 
secre�on 
from lung, 
liver, bone 
and muscle

models

ELISA

Liver
Rat primary 

murine 
hepatocytes

Expression of 
CXCR4 

receptor in 
CTC-like 

breast tumor 
cells under 
chemokine 
s�mula�on

Flow 
cytometry

analysis

Evalua�on 
of 

metasta�c 
preference 

of 
colorectal 

cancer cells

Colon 
cancer “organoids”

3D cell culture in 
hydrogel

(Heprasil, Gelin-S 
and Extralink, 

ra�o 2:2:1)

(RFP)-HCT116

En
do

th
el

iu
m

 m
im

ic
ke

d 
as

 a
n 

or
ga

no
id

 n
ot

 a
s b

lo
od

 v
es

se
ls

N.A.

M
ul

�-
O

oC
 p

la
te

PDMS 
on glass

DMEM-10
EGM-2  

(3:1 ra�o)
Y 15 

d In
 si

tu

Cell viability Live/Dead 
staining

Preferen�al 
coloniza�on of 

colorectal 
cancer cells in 
liver and lung, 
as observed in 

vivo.

88Liver HepG2

Lung A549 HCT116 cell 
tracking

Cell 
permanent 

labeling (RFP)

Modeling 
tumor–

lymph node 
interac�ons

Lymph 
node

Ex vivo mouse �ssues
(slices)

In
na

te
 v

as
cu

la
riz

a�
on

(e
x 

vi
vo

�s
su

es
)

N.A.

M
ul

�-
O

oC
 p

la
te PDMS 

PC 
porous 

membra
ne

RPMI-1640  
(+mercaptoretha

nol, pyruvate, 
non-essen�al

AA, HEPES)
Y 1 d

O
ff-

lin
e

Tissue viability Live/Dead 
staining

Successful 
modeling of 

some features 
of the immune-

tumor 
interac�ons

18

Breast 
tumor

T-cell ac�vity 
in lymph node 

slices (IFN-
gamma)

ELISA

D
ru

g
m

et
ab

ol
is

m

Modeling 
bioac�ve-

�on of 
nutraceu�c
als and an�-

cancer 
prodrugs 

Liver

Spheroids

HepaRG

Va
sc

ul
ar

 e
nd

ot
he

lia
l b

ar
rie

r 
(H

CA
EC

 c
el

ls)

N.A.

M
ul

�-
O

oC
 c

hi
p PDMS

Magnets 
embedd

ed

Liver-
endothelium 

HepaRG medium
EGM2

(1:1 ra�o)

Liver-tumor 
RPMI1640

HepaRG 
(1:1 ra�o)

Y 2 d

O
ff-

lin
e Gene 

expression 
related to 
apoptosis

qPCR

Successful 
bioac�va�on of 
nutraceu�cals 
and prodrugs 
Plug-and play 

and easily 
reconfigurable 

Mul�-OoC 
pla	orm 

33

O
ra

l s
qu

am
ou

s c
ar

ci
no

m
a 

(p
rim

ar
y 

or
 m

et
as

ta
�c

)

HN137 and 
OSCC In

 si
tu

Characteriza�
on of organ 
models and

inflamma�on 
of the 

endothelium
(Vimen�n, E-

cadherin)

Immuno-
staining

Cell viability Live/Dead 
staining

Predic�on 
of drug-
induced 

skin 
sensi�za-

�on using a 
liver-

immune co-
culture, and 

tes�ng of 
three drugs 
known to 

cause 
cutaneous 
reac�on

Liver Spheroids HepaRG

N.A N.A

M
ul

�-
O

oC
 p

la
te

PDMS 
on

Glass

Liver:
HepaRG medium

Immune cells:
RPMI1640 

(+ glutamine, 
HEPES, sodium 

pyruvate)

N.A. 2 d

O
ff-

Li
ne

Gene 
expression 
level (Liver: 

CYP1A2, 
CYP2A4, CBZ-
E, 2-OH CBZ, 
3-OH CBZ, p-

HPPH, 
Oxipurinol; 

Immune cells 
for their 

ac�va�on: 
IL8, IL1β, 

CD86)

qPCR

Liver-immune 
co-culture 

system 
suppor�ng 

organ culture 
and 

maintaining 
organ func�on.

Successful 
triggering of 

APC ac�va�on 
response.

Robust assay to 
assess the 

poten�al skin 
sensi�za�on of 

systemically 
ingested drugs.

37

Immune 
system

Cells in 
suspension U937

Organ 
characteriza-

�on 
(CD86 +)

Immuno-
staining

Analysis of 
drug 

metabolites
LC-MS/MS

Ac�va�on 
of an�-

cancer pro-
drug by liver 

models

Liver Ex vivo rate 
�ssue rLiMTs

N.A. N.A.

M
ul

�-
O

oC
 p

la
te

PDMS 
on

Glass

Proprietary liver 
micro�ssue 

medium 

Y
8 d

O
ff-

lin
e

Albumin 
produc�on ELISA

Ac�va�on by 
the liver 

required for 
ac�va�on of 
the pro-drug 

cyclophospham
ide. 

32

Quan�fica�on 
of prodrug 

and its 
metabolites

LC-MS/MS

In
 si

tu

Tumor 
spheroid size Microscopy

Colorecta
l cancer Spheroids (eGFP)-

HCT116

Characteriza-
�on of organ 

models
(DPPIV/CD6; 
ac�n/nuclear 

stain)

Immuno-
staining

Cell viability

ATP assay 
(CellTiter-Glo) 

and
PI staining

(continued on next page)
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Table 1 (continued)

Ac�va�on 
of an�-

cancer pro-
drug by liver 

models

Intes�ne

Monolayer
on glass or 
Transwell

Caco-2

N.A. N.A.

M
ul

�-
O

oC
 p

la
te

PDMS

PC 
membra

ne

Glass

Medium 670 Y 3 d

O
ff-

lin
e

Cell
prolifera�on

AlamarBlue 
assay

Successful 
emula�on of 
the processes 
of absorp�on 

(intes�ne), 
metabolism (by 

liver) and cell 
killing for 

tumor cells and 
connec�ve 

�ssues

34

Liver HepaRG

Drug 
concentra-
�on and its 
metabolites

LC-MS/MS

Colon 
cancer HCT-116

In
 si

tu

Cell viability Live/dead 
staining

Connec�v
e �ssue TIG-121

Quality of the 
intes�ne 

epithelium  
TEER

Evalua�on 
of the 

efficacy and 
side-effects 
of drugs on 

mul�ple 
organs

Liver

O
rg

an
oi

ds

HA/gela-
�ne

hydrogel 
with liver 

ECM 
solu�on

Human 
primary 

hepatocytes 
hHSteC

Kupffer cells
(80:10:10

ra�o)

En
do

th
el

iu
m

 (H
M

VE
C-

L)
 g

ro
w

n 
in

 lu
ng

 m
od

ul
e 

be
lo

w
 th

e 
Tr

an
sw

el
l m

em
br

an
e

N.A.
M

ul
�-

O
oC

 c
hi

p

PDMS
on glass

PET 
porous 
mem-
brane

Capillary 
conne-
c�on

α-MEM Y 9 d

O
nl

in
e Stability of 

heart model
Beat rate 
analysis

Response to 
drug depending 
on �ssue-�ssue 

interac�ons; 
simultaneous 
effect of drug 
efficacy and 

side-effects on 
other organ

94Heart
Fibrin-
gela�n 

hydrogel

Human iPSc-
derived 

cardiomyo-
cytes
hPCF

(90:10 ra�o)

O
ff-

lin
e

Cell viability Live/dead 
staining

Metabolic 
profiling LC-MS/MS

Lung

Mul�-
layer 

culture 
on ECM-
coated 

membran
es

AMSC
NHBE

(layer by 
layer)

Secre�on of 
inflammatory 
products (IL-8 
& IL-1beta) by 

lung �ssue

ELISA

Biomarker 
detec�on

Electroche-
mical

impedance 
spectroscopy 

(EIS)

Proof-of-
concept 
study to 

demonstra-
te the 

capability of 
a Lego Plug-

and-Play 
system for 
Mul�-OoC 

studies

Mul�ple 
heart 

models Mul�layer

Human iPSc 
derived 

cardiomyo-
cytes

N.A. N.A.

M
ul

�-
O

oC
 c

hi
p

PDMS 
on glass

RPMI 1640
(+B27, Insulin) N 3 d

In
 si

tu

Cell viability Live/Dead 
assay

Successful 
maintenance of 
mul�ple heart 
�ssues in one 

pla	orm

43

Func�onality 
of the cardiac 

�ssues

Bright field 
imaging

Pa�ent-
specific 

Mul�-OoC 
model 

prepared 
using iPSCs 

from the 
same 

healthy 
donor

Intes�ne Transwell 
spheroids

Human iPSC 
derived

intes�nal 
organoid

Human iPSC 
derived 

stromal cells

N.A. N.A.

M
ul

�-
O

oC
 P

la
te PDMS 

on glass

PC mem-
brane

HepaRG medium N 14 
d O

ff-
lin

e

Characteriza-
�on of organ 

models
(Liver: 

albumin, ZO-
1,4 alpha, 

SLC10A1, Cyt 
8/18, 

Vimen�n, 
Ki67; 

Intes�nal:  
CdX2, Na+/K+-

ATPase, Cyt
8/18, 

Vimen�n, ZO-
1, Ki67; 

Kidney: Cyt 
8/18, 

Vimen�n, 
Aquaporin 1, 

Na+/K+-
ATPase, ZO-1, 

Ki67; Brain:  
TUBB3, PAX6, 
Nes�n, TBR1, 
MAP2, ZO-1, 

Ki67)

Immuno-
staining

Pa�ent-on-a-
chip pla	orm

Successful 
maintenance of 
three organs in 
differen�ated 
state for 14 

days using one 
single medium; 

no 
differen�a�on 

of kidney 
model. 

46

Liver Spheroids

Human iPSC 
derived

Hepatocytes

Human iPSC 
derived

stromal cells

Gene 
expression 

level
qPCR

Tissue 
differen�a-

�on

RNA 
sequencing

Metabolic 
ac�vity Glucose assay

Brain Spheroids on 
Transwell

Human iPSC 
derived

Neurospheres

Tissue viability LDH assay

Cell apoptosis 
and 

prolifera�on

TUNEL assay & 
Ki67 staining

Kidney
Monolayer on 

porous 
membrane

Human iPSC 
derived

renal cells

(continued on next page)
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Table 1 (continued)

Reconstruct
ion of 

complex 
metabolic 

interac�ons 
in a liver-

kidney 
model, and 

the 
ac�va�on 

of leukemia 
cells by the 

metabolized 
drug

Liver

Monolayers on 
collagen coated 

surface

HepG2 

N.A. N.A.

M
ul

�-
O

oC
 p

la
te

COP
DMEM

(high glucose
no supplement)

N 1 d

O
ff-

lin
e

CYP mRNA 
expression 

analysis in all 
organ models

RT-qPCR

Successful 
emula�on of 

metabolism of 
vitamin D3 by 

the liver and its 
bioac�va�on 

by the kidney; 
enhanced 

expression of 
Vit D3 

metabolizing 
enzymes

35

Differen�a-
�on of HL60 

cells

Flow 
cytometry 

analysis

Analysis of Vit 
D3 

metabolism 
and fate of its 
metabolites

LC-MS/MS

Kidney RPTEC

Produc�on of 
albumin by 
liver model

ELISA

In
 si

tu Func�onality 
of kidney 

model

Albumin 
uptake (FITC-

albumin); 
fluorescence 
microscopy

Body-on-a-
chip 

pla	orm 
with 

pumpless 
medium 

perfusion

Liver 3D scaffolds

Human 
primary 

hepatocyte

Non-
parenchymal 
cells (primary 

human 
fibroblasts 

hHSteC, 
Kupffer cells, 

hLSMECs, 
vascular, 

biliary 
epithelial 

cells)
(5:3 ra�o)

En
do

th
el

ia
l c

el
ls 

ad
de

d 
to

 li
ve

r m
od

el
s

N.A.

M
ul

�-
O

oC
 c

hi
p

3D 
printed 

Veroclea
r 

polymer
PC 

porous 
mem-
brane

DMEM
# L3SNB-500

(1:1 ra�o)
Y 14 

d

In
 si

tu GI tract 
epithelium 

func�on
TEER

Maintenance of 
�ssue func�on 

in the liver-
intes�ne model 

including 
enzyma�c 
ac�vity to 

response to 
toxicants

44

O
ff-

lin
e

Liver cell 
viability

Level of 
aspartate 

aminotransfer
ase

GI tract 
epitheliu

m

Transwell-like 
support Caco-2

Func�on of 
liver �ssue

Urea and 
albumin 
synthesis

Liver �ssue 
response to 

toxicants

Cyt P450 
enzyme 

ac�vity assay

ADME 
profiling 

with 
repeated 

dose 
systemic 
toxicity 

tes�ng of 
drug 

candidates

Intes�ne Reconstructed model
(EpiIntes�nal™)

In
na

te
 v

as
cu

la
riz

a�
on

 o
f s

ki
n 

(e
x 

vi
vo

�s
su

e)

N.A.

M
ul

�-
O

oC
 p

la
te

PDMS 
on

Glass

PET 
porous 
mem-
brane

Small intes�ne 
culture medium 

(+glucose, 
human serum)

HepaRG 
medium, 

(+glucose, 
human serum)

Proximal tubule 
cell medium 
(+glucose)

Y 28 
d

O
ff-

lin
e

Cell viability LDH assay

Reproducible 
homeostasis of 

all organs 
within 2- 4 days

Maintenance of 
�ssue 

func�onality 
over a period 

of 28 days 

45

Cell 
metabolism 

(Glucose 
consump�on 

& lactate 
produc�on)

Dedicated 
colorimetric 

assays
Cell func�on 

(albumin 
synthesis)

Liver Spheroids
HepaRG
hHSteC 

(24:1 ra�o)

Gene 
expression 

level 
(Intes�ne: 

SGLT1/SLC5A1
, Na-K-

ATPase, 
MDR1; 
Kidney: 

SGLT2/SLC5A2
, Claudin 10, 
TJP3/ZO-3; 

Liver: 
Albumin, 

BSEP/ABCB11, 
GSTA2, 
CPY3A4, 
UGT1A1, 
MRP2)

RT-qPCR

Kidney Differen�ated 
“3D” epithelium 

RPTEC/
TERT-1

Tissue-specific 
markers 

(Liver: Cyt 
P450 3A4; 

Skin: CK 10 & 
15; intes�ne: 

CK 19) 

IHC

Skin
Ex vivo human biopsy

Air-liquid interface culture in a 
Transwell

Kidney 
epithelium: 
CK 8/18 & 

NaK-ATPase

Immuno-
staining

In
 si

tu Barrier 
func�on of 

the intes�ne
TEER

(continued on next page)
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Table 1 (continued)

Parallel 
assessment 

of drug 
efficiency 
(3-organ 

model) and 
toxicity on 

mul�-
organoid 

models (6-
organ 

models)

Liver

3 and 6 
organ 

pla�orm

Organoids in 
HA/gela�ne

hydrogel

Human 
primary 

hepatocytes 
hHSteC

Kupffer cells
LECs

(75:10:10:5 
ra�o)

Va
sc

ul
ar

ize
d 

or
ga

no
id

s a
nd

 e
nd

ot
he

liu
m

 in
 6

-o
rg

an
 m

od
el

 (H
U

VE
C 

ce
lls

 in
 h

yd
ro

ge
l)

N.A.

M
ul

�-
O

oC
 p

la
te

Adhesi-
ve film 

on glass

Tes�s organoid 
media

EGM media
(without FBS)

(1:1 ra�o)

Y 14 
d In

 si
tu Cell and 

organoid 
viability

Live/Dead 
staining

Successful 
metaboliza�on 

of the 
alkyla�ng 
prodrug 

isfomamide by 
the liver to 

induce 
neurotoxicity

13

Heart

3 and 6 
organ 

pla�orm

Human iPSCs 
derived 

cardiomyocyt
e Cardiac 

fibroblasts 
Cardiac ECs

(75:20:5 ra�o)

Lung

3 and 6 
organ 

pla�orm

A549
(3-organ 
model)

Lung 
fibroblasts 

HBEC
(80:20 ra�o)

Testes

6 organ 
pla�orm

SSC
Leydig

Sertoli cells 
(80:10:10 

ra�o)

Brain

6 organ 
pla�orm

Primary 
HBMEC HBVP, 
hA, HM, HO, 

HNC
(30:15:15:5:1

5:20 ra�o)

In vitro
Mul�-OoC 
model to 
provide 

quan�ta�ve 
PK/PD data 

Liver Transwell-like 
support

Human 
primary 

hepatocytes
primary

hLSMECs

O
rg

an
-s

pe
ci

fic
 m

ic
ro

va
sc

ul
at

ur
e 

in
co

rp
or

at
ed

 in
 a

ll 
or

ga
ns

N.A.

M
ul

�-
O

oC
 c

hi
p PDMS 

PET 
membra

ne

Common “blood 
subs�tute”:

DMEM
F12 

EGM-2 
(+growth 
factors) 

Specific medium 
for each organ 
parenchymal 
compartment

Y 10 
d

In
 si

tu Barrier 
permeability

Transloca�on 
of fluorescent 

tracers

Excellent 
predic�on of 

PK parameters 
for nico�ne 

(oral 
administra�on) 

and the an�-
drug cancer 

cispla�n 
(intravenous 

injec�on)

Agreement 
with cispla�n 
PD data with 
data acquired 

on pa�ents

40

Gut
3D culture (villi) 

on porous 
membrane

Caco-2 BBe 

TEER

O
ff-

lin
e

Liver func�on 
(Albumin 
secre�on) 

ELISA

Kidney Transwell-like 
support

primary 
hRPTECs

Cytochrome 
P450 CYP3A4 

ac�vity

Dedicated 
assay 

Quan�fica-
�on of 

CYP2A6 and 
P-

glycoprotein

Western-Blot
BCA assay

Bone 
marrow 3D cell culture in 

fibrin gel (apical)

Human 
primary bone 

marrow  
CD34+ 

progenitor 
cells

Analysis of 
bone marrow 

cells 

Flow 
cytometry

Quan�fica-
�on of 

nico�ne and 
its 

metabolites

LC-MS/MS

Establishme
nt of a 

Mul�-OoC 
pla	orm 

with 4, 7 or 
10 organ 

models, or 
physiome-
on-a-chip 

for 
quan�ta�ve 
pharmacolo

gy study

Liver 
/Immune
4, 7 and 
10 organ 
pla�orm

3D culture on 
scaffold

HPH
Kupffer cells
(10:1 ra�o)

N.A. N.A.

M
ul

�-
O

oC
 p

la
te PSF on 

acrylic

PU 
mem-
brane

Mixed medium 
(N/A ra�o) Y

14 
d

21 
d

28 
d

O
ff-

lin
e

Organ 
func�on

Liver 
(albumin); 

endometrium 
(IGFBP-1); 

pancreas (C-
pep�de); 
muscle 

(myosta�n) 
ELISA

Maintenance of 
phenotypic 

markers for 2 
weeks 

(4 organ 
pla�orm)

Robust 
opera�on and 

maintenance of 
phenotypic 

func�on for 3 
weeks 

(7 organ 
pla�orm)

Maintenance of 
phenotypic 

func�on for 4 
weeks and PK 

analysis 
(10 organ 
pla�orm)

39

Lung
4, 7 and 
10 organ 
pla�orm

ALI NHBE

Gut
/Immune
4, 7 and 
10 organ 
pla�orm

Transwell

Caco-2 or
C2BBe1 

HT29-MTX-
E21 (9:1 ra�o)

Dendri�c cells 
(basal side)

Brain func�on
(N-acetyl-
aspartate)

LC-MS/MSEndo-
metrium
4, 7 and 
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contributions of different cells to the function of the entire organ to be dissected, and revealedmet-
abolic coupling between neurons andmicrovascular cells of the blood–brain barrier (BBB) [48]. Me-
tabolites of the drug methamphetamine, that are produced by vascular cells, were found to directly
increase the synthesis and secretion of neurotransmitters by neurons. Connecting the liver, gut,
and circulating immune cells brought new insights about the role of short-chain fatty acid (SCFA)
metabolites in liver and inflammatory gut diseases (e.g., inflammatory bowel disease and ulcerative
colitis) and the immune response [47]. Hematopoietic dysfunction [49] and diabetes type 2mellitus
[50] have also beenmodeled usingmulti-OoC approaches. For instance, cocultures of human pan-
creatic islets and liver spheroids successfully maintained postprandial glucose concentrations in
the circulation, therebymimicking the feedback loop that controls glucose consumption and insulin
secretion, whereas glucose levels remained elevated in both organ modules when cultured sepa-
rately. In a final example, ex vivo tissues of all organs of the female reproductive tract (ovary,
fallopian tube, uterus, and cervix) were cocultured with liver organoids and recirculated medium,
and emulated the endocrine loop through timely hormonal stimulation to successfully reproduce
the 28-day human menstrual cycle [51].

Cancer Metastasis
In cancer, cross-organ communication can lead to disease metastasis, which is the main cause
of cancer mortality [52]. Metastasis, which is driven by CTC intravasation and their colonization of
other organs, is known to occur in preferred niches. To understand the processes involved in this
metastatic cascade and to design new treatments, multiorgan models that combine the tumor
and potential metastatic niches are highly desired. Coupling 3D colorectal cancer and liver
models in a two-organ plate, with real-time monitoring of cancer cell migration, revealed the
formation of metastatic clusters in the liver [38], as well as the importance of the mechanical
properties of the liver microenvironment for cancer spreading. The preference of cancer cells
for homing to different organs was studied in a four-organ plate, and demonstrated that breast
CTCs in the perfusion invaded lung, bone, and liver, but not muscle [53], in full agreement with
animal studies. Perfusion of metastatic inhibitors stopped the invasion process, as in animal
models. Spreading of lung tumor cells into different distant organs (brain, bone, and liver), that
were all equipped with a microvasculature, was similarly examined in a multi-OoC plate [54],
and demonstrated metastasis of cells undergoing EMT (epithelial–mesenchymal transition) to
all three target organs. These examples illustrate the potential of complex in vitro multi-OoC
models for predicting cancer metastasis and testing antimetastatic treatments.

What Are the Current and Remaining Challenges in the Multi-OoC Field?
In this final section we discuss the challenges we have identified for building multi-OoC platforms
(some of which are also valid for single OoCs) regarding the specificity and constraints of each
aAbbreviations: A549, human non-small cell lung cancer cells; AA, amino acid; ALI, air–liquid Interface; AMSCs, airway stromal mesenchymal cells (donor derived); APCs,
antigen-presenting cells; BCA, bicinchoninic acid; BF, bovine fetuin; BSA, bovine serum albumin; Caco-2, heterogeneous human epithelial colorectal adenocarcinoma
cells; ECM, extracellular matrix; FBS, fetal bovine serum; Fob1.19, human osteoblast cells; hA, human astrocytes; HA, hyaluronic acid; HA-1800, human astrocyte cells;
16HBE, human bronchial epithelial cells; HBMECs, human brain microvascular endothelial cells; HBVPs, human brain vascular pericytes; HCT-116, human colon cancer
cells; HepaRG, human hepatic stem cells; HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer; HepG2/C3a, human hepatocellular carcinoma cells;
hHSteC, human hepatic stellate cells; HL60, human leukemia cells; hLSMECs, human liver sinusoidal microvascular endothelial cells; HM, human microglial; HMVEC-L,
human lung microvasculature endothelial cells; HNC, human neural cells; hPCF, human primary cardiac fibroblasts; hRPTECs, human renal proximal tubule epithelial cells;
HUVECs, human umbilical vein endothelial cells; Hw36, human primary hepatocytes; Kupffer cells, stellate macrophages; IFN, interferon; IL, interleukin; L-02, human he-
patocyte cells; LC, liquid chromatography; LDH, lactate dehydrogenase; MBA-MD-231, human breast cancer cells; MCF-7, human breast cancer cells; MDCK, human
Madin–Darby canine kidney cells; MEA, measurements of neurons using the Maestro™ MEA (Multi Electrode Arrays) system; NHBE, normal human bronchial/tracheal
epithelial cells; NPCs, neural progenitor cells; NTera2/cl.D1, pluripotent human testicular embryonal carcinoma cells; PEEK, polyetheretherketone; PEGDA, poly
(ethyleneglycol) diacrylate; PET, polyethylene terephthalate; PI, propidium iodide; PSF, polysulfone; RPTECs, human primary renal proximal tubule epithelial cells;
RPTEC/TERT-1, human immortalized renal proximal tubule cells; SSCs, spermatogonial stem cells; THP-1, human monocyte cells; TIG-121, normal human diploid fibro-
blast cells; Treg, regulatory T cell; UC, ulcerative colitis. Cell lines preceded by (GFP) or (RFP) indicate that they have been engineered to express GFP/RFP.
bReferences [13,18,27–35,37,39,40,43–47,50,51,53,54,88,93,94] can be found in the reference list at the end of the paper.
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organ environment, inter-organ coupling strategies from a biological and engineering point of
view, and how to stimulate individual organs and measure cross-organ communication.

How Simple Is Complex Enough?
The biological question to be addressed or the physiological process to be modeled drive the
design of multi-OoC models, notably in terms of the type and number of organs. In some
cases a simple engineering approach is sufficient to mimic an organ function, for example, by
integrating a peristaltic micropump to mimic pulsatile blood flow [55]. In sharp contrast, studying
the systemic toxicity of drug candidates or deciphering disease etiology requires dynamic
crosstalk between several organs [25,39,56–58], and, in turn, specialized microenvironments
and interconnecting flows to provide more physiological conditions [59].

In Which Environment to Build Models?
A multi-OoC platform connects different organ models, and therefore a first essential question is –
what is the best approach and environment for building each organmodel, from both a physiological
and a platform point of view? The first element is already becoming challenging when parenchymal
tissues (e.g., fat, kidney, heart, adrenal glands, liver, spleen, and pancreas) are combined with
physiological barriers (e.g., BBB, skin, GI tract, and lung) whose modeling requires entirely different
engineering and perfusion strategies.

Physiological barriers are typically created using compartmentalized devices in which different cell
types are cultured on different sides of a porous membrane [45]. To ensure full differentiation of
the epithelial layer into a stratified and properly functioning structure, continuous perfusion is ap-
plied [60], but two independent perfusion lines with different media are required, versus one only
for parenchymal tissues. Barrier models are used to evaluate drug or toxicant translocation
through the BBB [48], intestinal [61], or blood–alveolar barriers [62], through the skin [31], and
their elimination in the kidney [63], as discussed earlier.

Parenchymal tissues are best modeled using 3D culture approaches, possibly mimicking the in vivo
architecture and complexity, as well as combining multiple cell types. Various 3D culture strategies
have been proposed. Tissue biopsies or explants emulate the full complexity of the tissues; however,
they are restricted in terms of supply and inter-donor variability [26,31], and they are also often too
large to easily be incorporated into microfluidic devices. 3D bioengineered constructs are therefore
preferred. Of these, multicellular organoids and tumoroids [2,9,13,14,16,29,34] require appropriate
environments for self-organization and differentiation [15] that can be provided by adequate
matrices. Natural matrices are mostly employed, such as Matrigel [6,7], collagen [10,27,64],
hyaluronic acid [11,13,33], and gelatin [64]. Nevertheless, organ-specific decellularized matrices
[65,66] more faithfully reproduce the in vivo environment. Alternatively, synthetic hydrogels
(e.g., polyacrylamide, polyethylene glycol–fibrinogen, and polylactic acid) offer more controlled,
tunable, and reproducible environments; they support animal-free experimentation [65,67]; and
can be engineered to include molecular cues for cells to adhere, differentiate, mature, and sustain
proper functionality over time [67–69].

Materials
As for any microfluidic device, the choice of material(s) from which multi-OoC platforms are
fabricated is crucial. PDMS (polydimethylsiloxane) remains the number one material in the
academic community: it is gas-permeable, optically transparent, easy to process, and its elasto-
meric properties are advantageous for integrating valves and/or pumps, and for mechanically
stimulating cells [70,71]. Nevertheless, significant concerns have been raised about PDMS
because it is a porous hydrophobic material that is prone to absorb small hydrophobic molecules
802 Trends in Biotechnology, August 2021, Vol. 39, No. 8
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(such as drugs and hormones) and could possibly release uncured oligomers that can interfere with
the experimental outcomes [72]. PDMS is also incompatible with large-scale fabrication and device
commercialization. Recently, nonabsorbent elastomeric polymers (e.g., styrene–ethylene/butylene–
styrene polyurethane elastomers) have been developed for OoC applications [73,74]. Other promis-
ing alternatives are inert thermoplastic polymers (polymethyl methacrylate, PMMA), polycarbonate
(PC), polystyrene (PS), cyclic olefin (co)polymer (COC/COP), polyetherimide (PEI), and polysulfone
(PSF/PSU) [75] that are used as porous membranes in compartmentalized devices. More biomi-
metic solutions using soft and/or curved substrates are currently being developed to build bar-
rier models [76]. 3D-printed materials have entered the OoC field [77], with the promise of
offering both faster turnover in fabrication and easier realization of multimaterial platforms with inte-
grated sensors [78]. However, 3D-printed materials are often nontransparent, which precludes in
situ imaging, and may release toxic compounds that could possibly act as endocrine disruptors
[60]. Similarly, 3D bioprinting allows processing, in a single step, of multiple materials together
with different cell types to yield precisely controlled (tissue) architectures [79]. In this approach,
smart materials with changeable shapes or functionalities can introduce a fourth 'temporal di-
mension' of stimulus-responsive structures to better mimic organ function [80,81].

Scaling
Extrememiniaturization of in vitro organ and OoCmodels, without appropriate scaling, can cause
significant structural reorganization and changes in organ proportions [82], and this is particularly
important for toxicity and drug screening assays, metabolic studies, and PK/PD modeling
[83,84]. However, scaling remains a significant challenge. The size of the organ, the flow and
shear in each organ module, and the total volume of medium must all scale to physiological di-
mensions. Disproportionately scaled multi-OoC devices do not properly replicate organ–organ
interplay [75], and affect the residence time of medium in the recirculation, thus introducing a
bias into the experimental outcome [85]. Various scaling approaches (proportional, allometric,
and functional scaling) have been introduced in the OoC field, as discussed in a recent review
[86]. Nevertheless, none of them correctly emulates all the in vivo features in mini-organ models.

How to Combine Models Prepared Using Different Approaches?
Medium Composition
To support the growth, long-term viability, and function of all the organs in a multi-OoC platform,
appropriate medium must be supplied to fulfill the requirements of each organ. Consistent with the
strategy of engineering a multitissue microenvironment, a universal blood substitute should feed all
organ compartments in a multi-OoC platform. Human serum could ideally fulfill this role and maintain
the physiological function of all cell types because it nourishes the entire body in vivo. However,
synthetic strategies in the form of 'blood surrogate' have been preferred (see later) to avoid infection
risks, inter-sample variability, and administrative constraints linked to donor consents. Arguably, this
human serum approach still holds promise for the creation of patient-specific models.

Culture media typically contain animal-derived serum that presents inter-batch variability. Chemically
well-defined serum-free basal media have been developed, for example, consisting of a 50:50
DMEM:Ham’s F-12mixture [40] or a high-glucosemedium [35], that were nevertheless able to main-
tain the functionality of only a few connected organs (cardiac, muscle, neuronal, and liver modules)
over several weeks [87]. Noteworthy, this one-medium approach is even more challenging when
using more sensitive primary and/or immune cells [48].

To feed all organs in multi-OoC models, common media (MEM, DMEM, or William’s medium) have
been supplemented with specific hormones [47,50], growth factors [31], fatty acids and lipids [47],
vitamins [31], or trace elements [51] to provide organ specificity [27,30,33,45,53]. However,
Trends in Biotechnology, August 2021, Vol. 39, No. 8 803
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tedious optimization is necessary to include all the required supplements while ensuring that they are
not detrimental for any other organ. Alternatively, common media have been prepared by mixing in-
dividual media in specific ratios [39,44,49,51,59,88], possibly using in situ computer assistance [39].
In this latter scenario, culture is typically initiated using organ-specific media before inter-organ com-
munication is established and medium composition is optimized [39,89,90]. Ultimately, to identify
ideal commonmedia, biological optimizations must be combined with engineering efforts to support
precise medium exchange and/or the integration of mixing units [90].

In a final but more flexible approach, organs are cultured as physically separated entities in com-
partmentalized devices. The communication is occurring through either porousmembranes or an
endothelium in the case where each organ is 'equipped' with a blood vessel. Both approaches
allow altogether media to be independently tailored [56,91,92].

Circulation of Medium
HowOoCmodels are coupled typically depends on the specific purpose of the study. Medium can
be perfused in one direction to study the influence of one organ on other(s) [29,35,43,49,53,54] or
recirculated to emulate reciprocal interactions [18,27,28,30,32–34,41,44,45,51,88,93–95]
(Figure 3) and better reproduce the in vivo situation.

As highlighted in Box 1, multi-OoC models can be created (i) by using capillary tubing to connect
single-OoC modules [94,95] (Figure 3), (ii) by attaching them to a microfluidic motherboard
that includes all microfluidic connections, and possibly sampling and sensing units [33,43,44],
or (iii) by using a user-friendly plate approach [27,29,30,45,93] (Figure 3) in which one connecting
channel acts as a vasculature-like system. In a recent modular and entirely reconfigurable
approach, 'Interrogator', medium was transferred between single-OoC devices using liquid-
handling robots [41]. Finally, some OoC devices, for example, models of physiological barriers,
TrendsTrends inin BiotechnologyBiotechnology

Figure 3. Various Strategies for Establishing Communication between Different Organ Models in a Multiorgan-on-a-Chip (OoC)
Platform. Connected single OoC units and integrated Multi-OoC plates can reproduce one-way communication from organ A to organ B (top
row) or two-way communication (recirculation) between organs A and B (bottom row). Flows are generated using an external pump or an on-
chip pumping system in a multi-OoC plate, also including bubble traps (bottom, right).
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involve two independent perfusion lines [48,60–63], which necessitates the inclusion of multiple
fluid circuitries in multi-OoC platforms [45,46].

In all the scenarios discussed here, the microfluidic circuitry and perfusion parameters must
be properly designed to both support and measure organ communication. Specifically, the flow
rate should be optimized to ensure that secreted factors achieve a given threshold concentration
to affect the next organ [96], while being measurable. Similarly, in a recirculation loop, the total
volume of medium must be adjusted to prevent extensive dilution of the components of interest
while ensuring that sufficient nutrients are available and that harmful components are properly
removed [45,46].
Box 2. Vascularization of OoC Models: Importance and Strategies

The vascular system connects all organs in the human body and plays an essential role in the physiology of each organ. Specifically, blood vessels ensure proper delivery
of nutrients and oxygen to all organs, allow removal of waste products, and support inter-organ communication through soluble and lipid-encapsulated factors in the
form of exosomes and extracellular vesicles. All molecular exchanges between blood and the different organs occur through the endothelium.

Different strategies have been proposed for engineering a vascular system, depending on the type of blood vessels to be modeled – from large structures to capillaries –
and the context of the research. Endothelia in physiological barriers such as the blood–alveolar barrier [54,62,94], the gut [33,47,99], and the BBB [48,114] are typically
created by growing endothelial cells on one side of a porous membrane (Figure IA). However, this approach does not capture the intrinsic curvature of the vasculature.
By contrast, cylindrical structures in hydrogels or channels [115] incorporate this curvature. For instance, endothelial cells (ECs) have been seeded in lumens previously
formed in a hydrogel matrix using (i) needles, metal rods, or fishing lines [116] that are removed after gelation, (ii) sacrificial materials such as gelatin or 3D-printed
carbohydrates [117], or (iii) the viscous finger patterning technique (Figure IB). In an alternative approach, perfusable capillaries have been generated through the
self-assembly of ECs in a hydrogel matrix [118] (Figure IC), possibly under external stimulation by soluble factors e.g., vascular endothelial growth factor (VEGF)
[101] perfused or secreted by fibroblasts in another channel (Figure ID), to yield a complex 3D vascular architecture.

TrendsTrends inin BiotechnologyBiotechnology

Figure I. On-Chip Vascularization of Organ-on-a-Chip (OoC)Models. (A) Endothelial cells (ECs) are seeded onto a porousmembrane to emulate a physiological
barrier (in most cases, epithelial cells of the modeled barrier are grown on the other side of the membrane). (B) Lumen created in a hydrogel matrix before being linedwith
ECs to yield a cylindrical blood vessel. (C,D) Self-assembly of ECs in a hydrogel matrix, either spontaneously (C) or through exposure to external soluble factors such as
VEGF (vascular endothelial growth factor) (D).
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Vascularization or No Vascularization?
Organs are connected in vivo through a vascular system (Box 2) that is essential in multi-OoCmodels
to support inter-organ communication. Pathologies are also often characterized by alterations in
the vasculature: for example, malignant cancer [97], cardiovascular diseases, thrombosis [98], di-
abetes, rheumatoid arthritis, and central nervous system diseases [99]. Although innovative ap-
proaches for vascularization have been developed for OoC platforms (Box 2), in multi-OoC
platforms the 'vasculature' is oftenmerely modeled using tubing (Figure 3), as discussed in the pre-
vious section, without including any endothelium. The endothelium can bemodeled using the well-
established human umbilical vein endothelial cells (HUVECs) [33,47,48,54,62,94,99,100] that ex-
press important endothelial markers and signaling molecules associated with vascular homeosta-
sis regulation. However, the vascular barrier is characterized by an organ-specific morphology
(architecture), cellular composition, and function [99]. Ideally, organ-specific microvasculature
endothelial cells should be used to faithfully model the physiology of each organ. Such organ-
specific endothelial cells are not always commercially available; therefore, they must be isolated
from biopsied tissues or produced by the differentiation of human iPSCs or mesenchymal stem
cells [97].

How Can Models Be Stimulated?
In vivo, organs are constantly exposed to various stimuli (mechanical, electrical, bio/chemical,
etc.) that are crucial for proper development, functioning, and physiology. Conversely, abnor-
mal stimulation can trigger some diseases (e.g., neurodegenerative, metabolic, and cardiovas-
cular diseases). Mechanical stimulation plays a key role in the development, function, and
maintenance of articular cartilage [102] and the blood–alveolar barrier [103]. Similarly, electrical
stimulation is vital for the conductive and contractile properties of the heart, and the concom-
itant action of electrical, mechanical, and chemical stimuli is central to the homeostasis of the
nerve–muscle junction. Physiological flow and associated shear ensure proper expansion of
the endothelium in blood vessels and arteries. Moreover, reproductive organs and pancreas
are tightly regulated by timely hormonal exposure, as is the entire male/female physiology
[64,104], and this also modulates non-reproductive organs such as liver and kidney [60].
Therefore, timely hormonal cues must be incorporated when designing sex-specific multi-
OoC models [60]. All these cues are difficult, if not impossible, to incorporate into conventional
in vitro models, partly because of their pulsatile, chronic, or periodic nature. However, using
microfluidic technology, virtually any stimulus can be included, with accurate control over
their spatiotemporal character. Examples of mechanical stimulation include shear-induced
flow, surface strain [105], the combination of surface strain and fluid-flow shear [106], com-
pression [107], and the combination of compressive and bulk shear forces [70]. Noteworthy,
many of these modalities utilize physiological-like deformation of an elastomeric PDMS mem-
brane. Electrical stimulation is typically produced by integrated electrodes that have supported
heart tissue differentiation and cardiomyocyte contraction [29,108]. Finally, to emulate hor-
monal, (bio)chemical stimulation, or exposure to drugs or toxicants, the perfused medium
must be supplemented with those soluble stimuli.

How to Measure Cross-Organ Communication?
An associated challenge is to measure cross-organ communication. To that end, the same
strategies and techniques can be applied as those for single OoC devices [109], with in situ
analysis [pH, oxygen levels, beating frequency, TEER (trans-epithelial electrical resistance)
measurements, and cell labeling and tracking], online analysis using spectroscopic
techniques or classical biochemical assays, and offline analysis after collection of circulating
culture medium and/or retrieval of cellular models from the device for further analysis, as
detailed in Table 1.
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Outstanding Questions
What is the best compromise
between simplicity in operation and
the complexity of a model? Which
minimal sets of organ models and
stimulatory elements are necessary
to build an accurate systemic model
for given purposes and diseases?
Similarly, are tissue vascularization and
innervation, and the incorporation of
an immune component, essential to
properly emulate physiological inter-
organ communication?

Which combination of innovative
materials (e.g., biomimetic hydrogels)
and engineering processes (e.g., micro-
structuring, shaping to include curva-
ture, and so on) will be instrumental
in building the next generation of multi-
OoC models?

How can we formulate universal
culture media for multi-OoC platforms
that typically require different types of
nutrients and supplements for each
organ model?

How far are we from a worldwide
adoption of multi-OoC platforms as an
alternative to animal experimentation?
Which developments aremost pressing
to promote these advanced models for
fundamental, medical, pharmaceutical,
and toxicity research?

How can all relevant platform parameters
(respective organ size, flow rate, channel
dimensions, etc.) be appropriately scaled
to best emulate in vivo physiological
conditions?

Trends in Biotechnology
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Organ-specific phenotypes are mostly characterized in situ using (fluorescence) microscopy,
possibly after cell fixation. This approach is limited to end-point measurements and only a few read-
out parameters [e.g., live/dead and TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling] assays; characterization of targeted functional and structural proteins). Furthermore,
in situ imaging is highly challenging owing to the 3D nature of the cellular models and the use of
multiple materials, which are possibly opaque. Therefore, advanced imaging techniques are
employed such as light-sheet and two-photon microscopy [110], or wavefront shaping
[111,112]. Alternatively, the cellular models are extracted from the device for high-resolution
confocal microcopy imaging, possibly after histological sectioning or tissue clearing. Next, offline
comprehensive ‐omics analysis or flow cytometry, both after dissociation of the cellular model,
bring insightful information on organ status and communication, although they use sacrificed
samples. Finally, offline measurements can be conducted on intact samples or effluent medium
collected manually or automatically, regularly or at given timepoints, to assess organ function,
targeted or comprehensive metabolism, inflammation (cytokine production), viability, or drug and
toxicant metabolism, by using dedicated assays or mass spectrometry (MS)-based analysis.

Ideally, real-time information should be continuously acquired to follow dynamic inter-organ inter-
actions and monitor the function of each tissue. To that end, on the one hand, (bio)sensors or
electrodes are integrated into organ-specific modules for in situ monitoring of specific culture
parameters (e.g., pH, oxygen), organ metabolism, the integrity of physiological barriers via
TEER measurements, or cell beating. Of particular interest are nanoplasmonic sensors, an
approach that has recently been explored for multiplexed analysis of inflammatory cytokines in
an adipose tissue-on-a-chip model [113]. On the other hand, online molecular analysis can be
performed using spectroscopic techniques or standard biochemical assays. A significant
challenge for the latter molecular analysis scenario is to optimize the amount of sample collected
tomeet the sensitivity of the analytical assay without dramatically perturbing the multi-OoCmicro-
environment. Similarly, online analysis calls for minimal or no sample preparation, and this can
hamper the detection of low-abundance species in complex matrices. All these factors explain
why this information-rich and virtually noninvasive approach is scarcely pursued, and why most
analyses are still conducted offline at the end of the experiments.

Concluding Remarks and Future Perspectives
Although tremendous efforts have significantly improved the complexity, quality, and robustness
of OoC models, recent initiatives are now bringing this technology to the next level by generating
multi-OoC platforms that aim to emulate entire biological processes that are seldom limited to a
single organ. Multi-OoC technology can simulate human physiology at the level of the whole
organism, offering excellent accuracy and model complexity, as well as new opportunities in
multiple fields, while supporting the implementation of the '3Rs' (replacement, reduction, and
refinement of animal models) and the paradigm of personalized medicine. However, multi-OoC
devices currently remain only complementary to animal models, and there is still a long way to
go before they are fully adopted. To achieve this Holy Grail, key challenges remain in maintaining
the homeostasis of multiple organs and in incorporating all the essential cues, including hormonal
stimulation, the immune system, the lymph, the microbiome, and organ innervation and vascular-
ization, that have been scarcely explored to date. As a next step, multimodal real-time analysis
should be implemented in multi-OoC platforms through the integration of multiple sensors and
coupling to online spectroscopic analysis (see Outstanding Questions).

To build patient-specific multi-OoC models, iPSC- and/or patient-derived organoids or ex vivo
tissues are both equally promising. These personalized models will open new avenues to capture
specific features of a person’s disease, predict the response of a patient to given treatment, and
Trends in Biotechnology, August 2021, Vol. 39, No. 8 807
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detect possible long-term and/or side-effects of drugs, thereby supporting the concept of
personalized medicine. This patient-specific approach can also capture the inherent diversity in a
population in terms of genetic and ethnic background, gender, and age [25].

So far, OoC technology has made significant progress in an academic setting, but many techno-
logical hurdles limit its full deployment in an industrial environment. One expected breakthrough is
in the pharmaceutical industry where OoC technology could help to reduce the elevated failure
rate of drug development. First, and above all, multi-OoC models must prove that they can faith-
fully reproduce the in vivo environment, the evolution of a pathology, adverse effects of drug can-
didates, or therapeutic outcomes. This still limited demonstration of their benefits compared with
more commonly used 2D and animal models explains why various stakeholders do not yet rec-
ognize (multi)-OoCmodels as reliable humanized in vitromodels. One promising approach to val-
idate multi-OoC models is to combine them with in silico modeling [40–42]. Furthermore, and
finally, to be more widely adopted as routine bench-tools, multi-OoC systems should be easy
to use, plug-and-play, reconfigurable on demand according on the targeted application, highly
multiplexed, fully automated, and compatible with standard laboratory practice.

Acknowledgments
A.Z. and S.L.G. acknowledge financial support from the CHIP-ME project (Cross-organ Human In Vitro Platforms for

Metastatic Environments) funded by Health Holland (project TKI-LSH LSHM19012). N.P.D and I.L. acknowledge financial

support from the CEA PhD program. Figures 1 and 3, and Figure I in Box 1, contain elements from SMART Servier Medical

Art by Servier licensed under a Creative Commons Attribution 3.0 Unported License.

References

1. Cheng, F. et al. (2012) AdmetSAR: a comprehensive source

and free tool for assessment of chemical ADMET properties.
J. Chem. Inf. Model. 52, 3099–3105

2. Rikkert, L.G. et al. (2020) Cancer-ID: toward identification of
cancer by tumor-derived extracellular vesicles in blood. Front.
Oncol. 10, 608

3. Heitzer, E. et al. (2019) Current and future perspectives of
liquid biopsies in genomics-driven oncology. Nat. Rev.
Genet. 20, 71–88

4. Low, L.A. et al. (2020) Organs-on-chips: into the next decade.
Nat. Rev. Drug Discov. Published online September 10, 2020.
https://doi.org/10.1038/s41573-020-0079-3

5. Ingber, D.E. (2020) Is it time for reviewer 3 to request human
organ chip experiments instead of animal validation studies?
Adv. Sci. 7, 2002030

6. Chung, H.H. et al. (2018) Use of porous membranes in tissue
barrier and co-culture models. Lab Chip 18, 1671–1689

7. Lembong, J. et al. (2018) A fluidic culture platform for spatially
patterned cell growth, differentiation, and cocultures. Tissue
Eng. Part A 24, 1715–1732

8. Zhou, Q. et al. (2015) Liver injury-on-a-chip: microfluidic
co-cultures with integrated biosensors for monitoring liver
cell signaling during injury. Lab Chip 15, 4467–4478

9. Patrício, S.G. et al. (2020) Freeform 3D printing using a continuous
viscoelastic supporting matrix. Biofabrication 12, 035017

10. van den Broek, L.J. et al. (2017) Progress and future prospectives
in skin-on-chip development with emphasis on the use of different
cell types and technical challenges. Stem Cell Rev. Rep. 13,
418–429

11. Schimek, K. et al. (2018) Bioengineering of a full-thickness skin
equivalent in a 96-well insert format for substance permeation
studies and organ-on-a-chip applications. Bioengineering
(Basel) 5, 43

12. Nashimoto, Y. et al. (2017) Integrating perfusable vascular
networks with a three-dimensional tissue in a microfluidic device.
Integr. Biol. (Camb.) 9, 506–518

13. Rajan, S.A.P. et al. (2020) Probing prodrug metabolism and
reciprocal toxicity with an integrated and humanized multi-
tissue organ-on-a-chip platform. Acta Biomater. 106,
124–135

14. Achberger, K. et al. (2019) Merging organoid and organ-on-a-
chip technology to generate complex multi-layer tissue models
in a human retina-on-a-chip platform. Elife 8

15. Picollet-D’hahan, N. et al. (2017) Deciphering cell-intrinsic
properties: a key issue for robust organoid production. Trends
Biotechnol. 35, 1035–1048

16. Schwerdtfeger, L.A. and Tobet, S.A. (2019) From organotypic
culture to body-on-a-chip: A neuroendocrine perspective.
J. Neuroendocrinol. 31, e12650

17. McLean, I.C. et al. (2018) Powering ex vivo tissue models in
microfluidic systems. Lab Chip 18, 1399–1410

18. Shim, S. et al. (2019) Two-way communication between
ex vivo tissues on a microfluidic chip: application to tumor–
lymph node interaction. Lab Chip 19, 1013–1026

19. Wang, Y. et al. (2017) A microengineered collagen scaffold for
generating a polarized crypt-villus architecture of human small
intestinal epithelium. Biomaterials 128, 44–55

20. Yu, F. and Choudhury, D. (2019) Microfluidic bioprinting
for organ-on-a-chip models. Drug Discov. Today 24,
1248–1257

21. Hinman, S.S. et al. (2020) Microphysiological system design:
simplicity Is elegance. Curr. Opin. Biomed. Eng. 13, 94–102

22. Kaarj, K. and Yoon, J.-Y. (2019) Methods of delivering me-
chanical stimuli to organ-on-a-chip. Micromachines (Basel)
10, 700

23. Gaio, N. et al. (2016) Cytostretch, an organ-on-chip platform.
Micromachines (Basel) 7, 120

24. Visone, R. et al. (2018) A microscale biomimetic platform for
generation and electro-mechanical stimulation of 3D cardiac
microtissues. APL Bioeng. 2, 046102

25. Mastrangeli, M. et al. (2019) Building blocks for a European
organ-on-chip roadmap. ALTEX 36, 481–492

26. Mastrangeli, M. et al. (2019) Organ-on-chip in develop-
ment: towards a roadmap for organs-on-chip. ALTEX 36,
650–668

27. Bovard, D. et al. (2018) A lung/liver-on-a-chip platform
for acute and chronic toxicity studies. Lab Chip 18,
3814–3829

28. Kimura, H. et al. (2015) An on-chip small intestine–liver model
for pharmacokinetic studies. J. Lab. Autom. 20, 265–273
808 Trends in Biotechnology, August 2021, Vol. 39, No. 8

http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0005
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0005
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0005
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0010
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0010
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0010
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0015
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0015
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0015
https://doi.org/10.1038/s41573-020-0079-3
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf5025
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf5025
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf5025
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0025
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0025
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0030
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0030
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0030
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0035
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0035
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0035
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0040
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0040
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0045
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0045
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0045
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0045
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0050
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0050
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0050
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0050
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0055
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0055
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0055
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0060
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0060
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0060
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0060
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0065
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0065
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0065
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0070
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0070
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0070
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0075
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0075
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0075
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0080
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0080
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0085
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0085
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0085
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0090
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0090
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0090
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0095
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0095
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0095
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0100
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0100
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0105
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0105
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0105
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0110
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0110
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0115
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0115
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0115
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0120
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0120
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0125
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0125
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0125
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0130
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0130
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0130
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0135
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0135


Trends in Biotechnology
OPEN ACCESS
29. Oleaga, C. et al. (2018) Investigation of the effect of hepatic
metabolism on off-target cardiotoxicity in a multi-organ
human-on-a-chip system. Biomaterials 182, 176–190

30. Materne, E.-M. et al. (2015) A multi-organ chip co-culture of
neurospheres and liver equivalents for long-term substance
testing. J. Biotechnol. 205, 36–46

31. Hübner, J. et al. (2018) Simultaneous evaluation of anti-EGFR-
induced tumour and adverse skin effects in a microfluidic
human 3D co-culture model. Sci. Rep. 8, 15010

32. Kim, J.-Y. et al. (2015) 96-well format-based microfluidic
platform for parallel interconnection of multiple multicellular
spheroids. J. Lab. Autom. 20, 274–282

33. Ong, L.J.Y. et al. (2019) Self-aligning Tetris-like (TILE) modular
microfluidic platform for mimicking multi-organ interactions.
Lab Chip 19, 2178–2191

34. Satoh, T. et al. (2017) A multi-throughput multi-organ-on-a-
chip system on a plate formatted pneumatic pressure-driven
medium circulation platform. Lab Chip 18, 115–125

35. Theobald, J. et al. (2019) In vitro metabolic activation of vitamin
D3 by using a multi-compartment microfluidic liver–kidney
organ on chip platform. Sci. Rep. 9, 4616

36. Kim, J.-Y. et al. (2015) 3D spherical microtissues and
microfluidic technology for multi-tissue experiments and
analysis. J. Biotechnol. 205, 24–35

37. Chong, L.H. et al. (2018) A liver-immune coculture array for
predicting systemic drug-induced skin sensitization. Lab Chip
18, 3239–3250

38. Skardal, A. et al. (2020) Drug compound screening in single
and integrated multi-organoid body-on-a-chip systems.
Biofabrication 12, 025017

39. Edington, C.D. et al. (2018) Interconnected microphysiological
systems for quantitative biology and pharmacology studies.
Sci. Rep. 8, 4530

40. Herland, A. et al. (2020) Quantitative prediction of human pharma-
cokinetic responses to drugs via fluidically coupled vascularized
organ chips. Nat. Biomed. Eng. 4, 421–436

41. Novak, R. et al. (2020) Robotic fluidic coupling and interroga-
tion of multiple vascularized organ chips. Nat. Biomed. Eng.
4, 407–420

42. Leclerc, E. et al. (2016) Investigation of ifosfamide and
chloroacetaldehyde renal toxicity through integration of
in vitro liver–kidney microfluidic data and pharmacokinetic-
system biology models. J. Appl. Toxicol. 36, 330–339

43. Loskill, P. et al. (2015) μOrgano: a Lego®-like plug & play
system for modular multi-organ-chips. PLoS One 10,
e0139587

44. Esch, M.B. et al. (2016) Modular, pumpless body-on-a-chip
platform for the co-culture of GI tract epithelium and 3D
primary liver tissue. Lab Chip 16, 2719–2729

45. Maschmeyer, I. et al. (2015) A four-organ-chip for intercon-
nected long-term co-culture of human intestine, liver, skin
and kidney equivalents. Lab Chip 15, 2688–2699

46. Ramme, A.P. et al. (2019) Autologous induced pluripotent
stem cell-derived four-organ-chip. Future Sci. OA 5, FSO413

47. Trapecar, M. et al. (2020) Gut–liver physiomimetics reveal par-
adoxical modulation of IBD-related Inflammation by short-chain
fatty acids. Cell Syst. 10, 223–239 e9

48. Maoz, B.M. et al. (2018) A linked organ-on-chip model of
the human neurovascular unit reveals the metabolic cou-
pling of endothelial and neuronal cells. Nat. Biotechnol.
36, 865–874

49. Chou, D.B. et al. (2020) On-chip recapitulation of clinical bone
marrow toxicities and patient-specific pathophysiology. Nat.
Biomed. Eng. 4, 394–406

50. Bauer, S. et al. (2017) Functional coupling of human pancreatic
islets and liver spheroids on-a-chip: towards a novel human
ex vivo type 2 diabetes model. Sci. Rep. 7, 14620

51. Xiao, S. et al. (2017) A microfluidic culture model of the human
reproductive tract and 28-day menstrual cycle. Nat. Commun.
8, 14584

52. Siegel, R.L. et al. (2019) Cancer statistics, 2019. CA Cancer
J. Clin. 69, 7–34

53. Kong, J. et al. (2016) A novel microfluidic model can mimic
organ-specific metastasis of circulating tumor cells. Oncotarget
7, 78421–78432

54. Xu, Z. et al. (2016) Design and construction of a multi-organ
microfluidic chip mimicking the in vivo microenvironment
of lung cancer metastasis. ACS Appl. Mater. Interfaces 8,
25840–25847

55. Shutko, A.V. et al. (2017) Biocontractile microfluidic chan-
nels for peristaltic pumping. Biomed. Microdevices 19, 72

56. Ronaldson-Bouchard, K. and Vunjak-Novakovic, G. (2018) Or-
gans-on-a-chip: a fast track for engineered human tissues in drug
development. Cell Stem Cell 22, 310–324

57. Tsamandouras, N. et al. (2017) Integrated gut and liver
microphysiological systems for quantitative in vitro pharmaco-
kinetic studies. AAPS J. 19, 1499–1512

58. Chen, W.L.K. et al. (2017) Integrated gut/liver microphysiological
systems elucidates inflammatory inter-tissue crosstalk. Biotechnol.
Bioeng. 114, 2648–2659

59. Chen, H.J. et al. (2018) A pumpless body-on-a-chip model
using a primary culture of human intestinal cells and a 3D
culture of liver cells. Lab Chip 18, 2036–2046

60. Ferraz, M.A.M.M. et al. (2018) An oviduct-on-a-chip pro-
vides an enhanced in vitro environment for zygote genome
reprogramming. Nat. Commun. 9, 4934

61. Kulthong, K. et al. (2018) Implementation of a dynamic intestinal
gut-on-a-chip barrier model for transport studies of lipophilic
dioxin congeners. RSC Adv. 8, 32440–32453

62. Huh, D.D. (2015) A human breathing lung-on-a-chip. Ann. Am.
Thorac. Soc. 12, S42–S44

63. Yin, L. et al. (2020) Efficient drug screening and nephrotoxicity
assessment on co-culture microfluidic kidney chip. Sci. Rep.
10, 6568

64. Nawroth, J.C. et al. (2018) Automated fabrication of photopatterned
gelatin hydrogels for organ-on-chips applications. Biofabrication
10, 025004

65. Picollet-D’hahan, N. et al. (2016) A 3D toolbox to enhance
physiological relevance of human tissue models. Trends
Biotechnol. 34, 757–769

66. Lu, S. et al. (2018) Development of a biomimetic liver tumor-on-
a-chip model based on decellularized liver matrix for toxicity
testing. Lab Chip 18, 3379–3392

67. Gjorevski, N. et al. (2016) Designer matrices for intestinal stem
cell and organoid culture. Nature 539, 560–564

68. Sheehy, S.P. et al. (2017) Toward improved myocardial matu-
rity in an organ-on-chip platform with immature cardiac
myocytes. Exp. Biol. Med. (Maywood) 242, 1643–1656

69. Gjorevski, N. and Lutolf, M.P. (2017) Synthesis and characteriza-
tion of well-defined hydrogel matrices and their application to
intestinal stem cell and organoid culture. Nat. Protoc. 12,
2263–2274

70. Paggi, C.A. et al. (2020) Monolithic microfluidic platform for
exerting gradients of compression on cell-laden hydrogels,
and application to a model of the articular cartilage. Sensors
Actuators B Chem. 315, 127917

71. Delarue, M. et al. (2016) Self-driven jamming in growing
microbial populations. Nat. Phys. 12, 762–766

72. Beekman, P.Enciso-Martinez, A.Pujari, S.Zuilhof, H.
Terstappen, L.W.M.M.Otto, C.Le Gac, S. (2020) Organosilicon
interaction with biological membranes, Proceedings of the in-
ternational conference MicroTAS 2020, Online

73. Zhang, Y.S. et al. (2017) Multisensor-integrated organs-on-chips
platform for automated and continual in situmonitoring of organoid
behaviors. Proc. Natl. Acad. Sci. U. S. A. 114, E2293–E2302

74. Lachaux, J. et al. (2017) Thermoplastic elastomer with
advanced hydrophilization and bonding performances for
rapid (30 s) and easy molding of microfluidic devices. Lab
Chip 17, 2581–2594

75. Sung, J.H. et al. (2019) Recent advances in body-on-a-chip
systems. Anal. Chem. 91, 330–351

76. Korolj, A. et al. (2018) Curvature facilitates podocyte culture in a
biomimetic platform. Lab Chip 18, 3112–3128

77. Yi, H.-G. et al. (2017) 3D printing of organs-on-chips.
Bioengineering (Basel) 4, 10

78. Lind, J.U. et al. (2017) Instrumented cardiac microphysiological
devices via multimaterial three-dimensional printing. Nat.
Mater. 16, 303–308

79. Fetah, K. et al. (2019) The emergence of 3D bioprinting in
organ-on-chip systems. Prog. Biomed. Eng. 1, 012001
Trends in Biotechnology, August 2021, Vol. 39, No. 8 809

http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0140
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0140
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0140
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0145
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0145
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0145
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0150
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0150
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0150
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0155
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0155
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0155
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0160
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0160
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0160
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0165
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0165
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0165
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0170
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0170
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0170
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0175
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0175
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0175
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0180
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0180
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0180
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0185
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0185
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0185
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0190
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0190
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0190
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0195
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0195
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0195
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0200
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0200
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0200
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0205
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0205
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0205
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0205
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0210
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0210
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0210
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0215
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0215
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0215
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0220
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0220
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0220
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0225
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0225
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0230
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0230
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0230
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0235
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0235
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0235
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0235
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0240
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0240
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0240
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0245
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0245
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0245
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0250
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0250
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0250
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0255
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0255
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0260
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0260
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0260
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0265
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0265
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0265
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0265
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0270
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0270
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0275
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0275
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0275
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0280
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0280
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0280
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0285
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0285
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0285
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0290
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0290
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0290
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0295
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0295
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0295
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0300
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0300
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0300
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0305
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0305
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0310
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0310
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0310
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0315
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0315
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0315
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0320
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0320
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0320
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0325
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0325
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0325
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0330
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0330
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0335
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0335
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0335
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0340
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0340
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0340
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0340
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0345
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0345
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0345
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0345
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0350
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0350
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0355
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0355
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0355
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0355
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0360
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0360
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0360
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0365
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0365
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0365
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0365
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0370
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0370
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0375
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0375
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0380
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0380
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0385
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0385
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0385
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0390
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0390


Trends in Biotechnology
OPEN ACCESS
80. Sun, H. et al. (2020) Combining additive manufacturing with
microfluidics: an emerging method for developing novel
organs-on-chips. Curr. Opin. Chem. Eng. 28, 1–9

81. Gao, B. et al. (2016) 4D bioprinting for biomedical applications.
Trends Biotechnol. 34, 746–756

82. Polilov, A.A. and Makarova, A.A. (2017) The scaling and
allometry of organ size associated with miniaturization in insects: a
case study for Coleoptera and Hymenoptera. Sci. Rep. 7, 43095

83. Abaci, H.E. and Shuler, M.L. (2015) Human-on-a-chip de-
sign strategies and principles for physiologically based
pharmocokinetics/pharmacodynamics modeling. Integr.
Biol. (Camb.) 7, 383–391

84. Moraes, C. et al. (2013) On being the right size: scaling
effects in designing a human-on-a-chip. Integr. Biol. (Camb.) 5,
1149–1161

85. Stokes, C.L. et al. (2015) Physiome-on-a-chip: the chal-
lenge of 'scaling' in design, operation, and translation of
microphysiological systems. CPT Pharmacometrics Syst.
Pharmacol. 4, 559–562

86. Park, D. et al. (2020) Integrating organs-on-chips: multiplexing,
scaling, vascularization, and innervation. Trends Biotechnol.
38, 99–112

87. Oleaga, C. et al. (2016) Multi-Organ toxicity demonstration in a
functional human in vitro system composed of four organs. Sci.
Rep. 6, 20030

88. Aleman, J. and Skardal, A. (2019) Amulti-site metastasis-on-a-chip
microphysiological system for assessing metastatic preference of
cancer cells. Biotechnol. Bioeng. 116, 936–944

89. Hughes, D.J. et al. (2017) Opportunities and challenges in thewider
adoption of liver and interconnected microphysiological systems.
Exp. Biol. Med. (Maywood) 242, 1593–1604

90. Coppeta, J.R. et al. (2016) A portable and reconfigurable multi-
organ platform for drug development with onboard microfluidic
flow control. Lab Chip 17, 134–144

91. Boeri, L. et al. (2019) Advanced organ-on-a-chip devices to
investigate liver multi-organ communication: focus on gut,
microbiota and brain. Bioengineering (Basel) 6, 91

92. Zhao, Y. et al. (2019) Multi-organs-on-chips: towards long-
term biomedical investigations. Molecules 24, 675

93. Skardal, A. et al. (2016) A reductionist metastasis-on-a-chip
platform for in vitro tumor progression modeling and drug
screening. Biotechnol. Bioeng. 113, 2020–2032

94. Skardal, A. et al. (2017) Multi-tissue interactions in an integrated
three-tissue organ-on-a-chip platform. Sci. Rep. 7, 8837

95. Zhang, Y.S. (2017) Modular multi-organ-on-chips platform
with physicochemical sensor integration. In 2017 IEEE 60th
International Midwest Symposium on Circuits and Systems
(MWSCAS), pp. 80–83, IEEE

96. Ataç, B. et al. (2013) Skin and hair on-a-chip: in vitro
skin models versus ex vivo tissue maintenance with dynamic
perfusion. Lab Chip 13, 3555–3561

97. Roudsari, L.C. and West, J.L. (2016) Studying the influence of
angiogenesis in in vitro cancer model systems. Adv. Drug Deliv.
Rev. 97, 250–259

98. Sebastian, B. and Dittrich, P.S. (2018) Microfluidics to mimic blood
flow in health and disease. Annu. Rev. Fluid Mech. 50, 483–504

99. Poceviciute, R. and Ismagilov, R.F. (2019) Human-gut-
microbiome on a chip. Nat. Biomed. Eng. 3, 500–501

100. Chen, H. et al. (2016) Sulfated fucoidan FP08S2 inhibits lung
cancer cell growth in vivo by disrupting angiogenesis via
targeting VEGFR2/VEGF and blocking VEGFR2/Erk/VEGF
signaling. Cancer Lett. 382, 44–52

101. Khaki, M. et al. (2018) Mesenchymal stem cells differentiate to
endothelial cells using recombinant vascular endothelial growth
factor-A. Rep. Biochem. Mol. Biol. 6, 144–150

102. Salinas, E.Y. et al. (2018) A guide for using mechanical stimula-
tion to enhance tissue-engineered articular cartilage properties.
Tissue Eng. Part B Rev. 24, 345–358

103. Hsia, C.C.W. (2017) Comparative analysis of the mechanical
signals in lung development and compensatory growth. Cell
Tissue Res. 367, 687–705

104. Misun, P.M. et al. (2020) In vitro platform for studying human
insulin release dynamics of single pancreatic islet microtissues
at high resolution. Adv. Biosyst. 4, e1900291

105. Moreno, E.L. et al. (2015) Differentiation of neuroepithelial stem
cells into functional dopaminergic neurons in 3D microfluidic
cell culture. Lab Chip 15, 2419–2428

106. Sinha, R. et al. (2015) A medium throughput device to study the
effects of combinations of surface strains and fluid-flow shear
stresses on cells. Lab Chip 15, 429–439

107. Occhetta, P. et al. (2019) Hyperphysiological compression of
articular cartilage induces an osteoarthritic phenotype in a
cartilage-on-a-chip model. Nat. Biomed. Eng. 3, 545–557

108. Ribas, J. et al. (2016) Cardiovascular organ-on-a-chip plat-
forms for drug discovery and development. Appl. In Vitro
Toxicol. 2, 82–96

109. Kilic, T. et al. (2018) Organs-on-chip monitoring: sensors and
other strategies. Microphysiol Syst. 2, 2

110. Schneider, C.A. et al. (2019) Imaging the dynamic recruitment
of monocytes to the blood–brain barrier and specific brain
regions during Toxoplasma gondii infection. Proc. Natl. Acad.
Sci. U. S. A. 116, 24796–24807

111. Albert-Smet, I. et al. (2019) Applications of light-sheetmicroscopy
in microdevices. Front. Neuroanat. 13, 1

112. Thendiyammal, A. et al. (2020) Model-based wavefront shaping
microscopy. Opt. Lett. 45, 5101–5104

113. Zhu, J. et al. (2018) An integrated adipose-tissue-on-chip
nanoplasmonic biosensing platform for investigating obesity-
associated inflammation. Lab Chip 18, 3550–3560

114. Park, T.-E. et al. (2019) Hypoxia-enhanced blood–brain barrier
chip recapitulates human barrier function and shuttling of drugs
and antibodies. Nat. Commun. 10, 2621

115. Rho, H.S. et al. (2020) A 3D polydimethylsiloxane
microhourglass-shaped channel array made by reflowing pho-
toresist structures for engineering a blood capillary network.
Methods Published online April 1, 2020. https://doi.org/
10.1016/j.ymeth.2020.03.007

116. Yamada, A. et al. (2016) Transient microfluidic compart-
mentalization using actionable microfi laments for bio-
chemical assays, cell culture and organs-on-chip. Lab
Chip 16, 4691–4701

117. Marcu, R. et al. (2018) Human organ-specific endothelial cell
heterogeneity. iScience 4, 20–35

118. Phan, D.T.T. et al. (2017) A vascularized and perfused organ-
on-a-chip platform for large-scale drug screening applications.
Lab Chip 17, 511–520
810 Trends in Biotechnology, August 2021, Vol. 39, No. 8

http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0395
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0395
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0395
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0400
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0400
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0405
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0405
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0405
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0410
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0410
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0410
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0410
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0415
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0415
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0415
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0420
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0420
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0420
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0420
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0425
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0425
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0425
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0430
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0430
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0430
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0435
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0435
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0435
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0440
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0440
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0440
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0445
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0445
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0445
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0450
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0450
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0450
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0455
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0455
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0460
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0460
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0460
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0465
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0465
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0470
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0470
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0470
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0470
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0475
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0475
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0475
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0480
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0480
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0480
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0485
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0485
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0490
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0490
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0495
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0495
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0495
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0495
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0500
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0500
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0500
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0505
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0505
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0505
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0510
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0510
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0510
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0515
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0515
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0515
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0520
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0520
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0520
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0525
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0525
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0525
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0530
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0530
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0530
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0535
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0535
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0535
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0540
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0540
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0545
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0545
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0545
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0545
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0550
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0550
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0555
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0555
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0560
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0560
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0560
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0565
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0565
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0565
https://doi.org/10.1016/j.ymeth.2020.03.007
https://doi.org/10.1016/j.ymeth.2020.03.007
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0575
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0575
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0575
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0575
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0580
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0580
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0585
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0585
http://refhub.elsevier.com/S0167-7799(20)30309-7/rf0585

	Multiorgan-�on-�a-�Chip: A Systemic Approach To Model and Decipher Inter-�Organ Communication
	Why Go Systemic?
	Latest Developments in the Multi-OoC Field
	Toxicity Screening
	Drug Metabolism
	Pharmacokinetics
	ADMET Profiling
	Multiorgan Metabolic Diseases and Reproductive Medicine
	Cancer Metastasis

	What Are the Current and Remaining Challenges in the Multi-OoC Field?
	How Simple Is Complex Enough?
	In Which Environment to Build Models?
	Materials
	Scaling
	How to Combine Models Prepared Using Different Approaches?
	Medium Composition
	Circulation of Medium
	Vascularization or No Vascularization?

	How Can Models Be Stimulated?
	How to Measure Cross-Organ Communication?

	Concluding Remarks and Future Perspectives
	Acknowledgments
	References




