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ABSTRACT — Microphysiological systems (MPS) are making advances to provide more standardized 
and predictive physiologically relevant responses to test articles in living tissues and organ systems. The 
excitement surrounding the potential of MPS to better predict human responses to medicines and improv-
ing clinical translation is overshadowed by their relatively slow adoption by the pharmaceutical industry 
and regulators. Collaboration between multiorganizational consortia and regulators is necessary to build 
an understanding of the strengths and limitations of MPS models and closing the current gaps. Here, we 
review some of the advances in MPS research, focusing on liver, intestine, vascular system, kidney and 
lung and present examples highlighting the context of use for these systems. For MPS to gain a foot-
hold in drug development, they must have added value over existing approaches. Ideally, the applica-
tion of MPS will augment in vivo studies and reduce the use of animals via tiered screening with less reli-
ance on exploratory toxicology studies to screen compounds. Because MPS support multiple cell types 
(e.g. primary or stem-cell derived cells) and organ systems, identifying when MPS are more appropri-
ate than simple 2D in vitro models for understanding physiological responses to test articles is necessary. 
Once identified, MPS models require qualification for that specific context of use and must be reproduci-
ble to allow future validation. Ultimately, the challenges of balancing complexity with reproducibility will 
inform the promise of advancing the MPS field and are critical for realization of the goal to reduce, refine 
and replace (3Rs) the use of animals in nonclinical research.
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INTRODUCTION

Microphysiological systems (MPS) is a wide-encom-
passing term for transformative novel in vitro models 
which are carefully designed to offer more predictive in 
vivo-like potential by mimicking physiologically rele-
vant functions in living tissues and organ systems. The 

definition of MPS is frequently equated with the state-
of-the-art engineered microfluidic organ-chip technolo-
gy but can also be synonymous with other types of com-
plex in vitro models, including static Transwell systems, 
spheroids, organoids or micropatterned co-culture sys-
tems, and frequently implies the trade-off between assay 
throughput and physiologically relevant in vivo functions 
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(  Fig. 1  ). A recently published defi nition by the Innova-
tion & Quality (IQ) MPS Affi  liate consortium states that 
MPS refer to systems extending beyond traditional 2D in 
vitro   models to include several of the following design 
aspects: a multi-cellular environment of primary or stem-
cell derived cells within a relevant matrix, a 3D struc-
ture, flow, incorporate mechanical cues such as stretch 
for mimicking breathing or peristalsis, and/or include 
immune system components ( Fabre et al., 2020 ).   

   MPS have gained a lot of attention in biopharmaceu-
tical research in the last 10 years as evidenced by the 
increasing number of publications highlighting both the 
rapid development and use of these emerging technolo-
gies by MPS developers, academic institutions and the 
pharmaceutical industry. Because each MPS can sup-
port multiple cell types, often using relevant primary or 
stem-cell derived cells and 3D architecture, MPS are con-
sidered more appropriate for answering complex ques-
tions than using simple 2D in vitro   models when studying 
physiological responses to drugs; they have the potential 
to become a revolutionary tool to transform the drug dis-
covery process. As a result of improved design features, 
MPS off er more precise control over cell culture condi-
tions compared with traditional 2D in vitro   systems by 
providing relevant cell-to-cell interactions and external 
environment cues (e.g. shear stress, stretch) to recapitu-
late in vivo   conditions and to better predict physiological 
responses. Furthermore, compared with in vivo   studies, 
MPS typically require smaller quantities of test article, 
reducing the need for synthesizing large batches of com-

pound.   
   Owing to the unique technological and design 

advancements, there is a growing potential for MPS to 
disrupt and eventually transform the drug discovery pro-
cess. At present, to progress from target identification 
and validation to clinical assessment, many nonclinical 
studies including the use of in vitro   and in vivo   models 
must be conducted to profi le nonclinical safety and effi  -
cacy. Traditional in vitro   models typically use monocul-
tures of primary cells or cell lines without complex tis-
sue-specifi c architectures and are generally lacking with 
respect to in vivo   relevance and complexity. Nonclin-
ical animal models may off er more predictive power in 
some cases, but translation of findings to humans fre-
quently remains uncertain. A futuristic vision for MPS, 
would be to combine in vitro   human MPS organ data 
(both normal and disease-derived) from multiple tissues 
(i.e. human-on-a-chip) with advanced mathematical mod-
eling to allow drug programs to directly progress into the 
clinic eliminating the need for nonclinical in vivo   studies. 
The near-term vision is centered around determining the 
translation of in vivo   animal eff ects to humans by bridg-
ing across animal and human MPS and improving in vivo   
study design with potential reduction in research animals 
and steady progress towards elimination of some nonclin-
ical studies, resulting in a positive impact on reduction, 
refi nement and replacement of animal use (3Rs). It is also 
theorized that MPS could eventually be used to strati-
fy patients for clinical trials, identify subpopulations of 
patients that may need drug dosing adjustments and pre-

   Fig. 1  .      Graphical representation of in vitro   model examples demonstrating a range of platform complexity, throughput and rel-
evance to human in vivo   functions.   
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dict responses of susceptible patient populations and their 
risk of adverse events (Ewart and Roth, 2020).

While the vision for comprehensive application of 
MPS is looking far into the future, in order to advance 
it, there are currently several opportunities for MPS to 
add value across the drug discovery pipeline. For exam-
ple, MPS can improve target identification and valida-
tion by recapitulating relevant disease models and using 
human MPS can help enhance compound progression in 
lead compound identification and optimization. Addition-
ally, once the compound reaches clinical trials, MPS can 
also be applied at the clinical assessment stage to pro-
vide human relevant follow-up of clinical safety findings. 
Moreover, animal cell-based MPS allow for direct com-
parisons between animal MPS and in vivo animal data in 
turn building confidence in the utilization of human MPS 
models to inform data translation to humans. Overall, 
application of MPS in a rigorous and standardized way 
could enable streamlined and efficient drug discovery and 
development.

CONTEXT OF USE FOR APPLICATION OF  
COMPLEX IN VITRO MODELS

The current predominant context of use for MPS mod-
els is screening of compounds for efficacy or toxicity, 
identifying mechanisms of action when adverse pheno-
types are identified and investigating species differenti-
ation and concordance. Overall, the main areas of MPS 
utility fall under the umbrella of safety, efficacy and 
absorption, distribution, metabolism and/or excretion 
(ADME) considerations. MPS can also be used to predict 
the translation of nonclinical findings to people, assess 
advanced disease models, identify and validate targets, 

improve pharmacology and may even contribute to new 
biomarker development.

Application of complex MPS models is expected to be 
strategically driven to evaluate compound profiles regard-
ing safety and efficacy and to further investigate potential 
mechanisms of action. Additionally, application of MPS 
models should augment in vivo studies to reduce and 
potentially replace the use of animals via tiered screen-
ing of compounds. This could range from rank ordering 
compound safety in the context of MPS-generated data to 
a more comprehensive evaluation of in vitro data to pro-
vide early risk assessment. In addition, MPS platforms 
may supplement traditional 2D platforms when functional 
and more physiologic endpoints are necessary and/or ben-
eficial to help address outstanding mechanistic questions.

An overview of general strengths and weaknesses of 
select MPS models is summarized in Table 1. The over-
all appeal of physiologically relevant MPS models makes 
them very desirable for any in vitro application. Howev-
er, given the associated cost and relatively lower through-
put of complex MPS models compared with 2D in vitro 
systems, there is a need to demonstrate clear improve-
ment over traditional methodologies when deciding on 
using MPS to address a specific question for a particu-
lar context of use. For example, certain clinical effects 
are poorly detected by current in vitro approaches, such 
as prediction of glomerular toxicity that is only suffi-
ciently captured by in vivo models, or vascular injury that 
requires organ-specific architecture with organized ves-
sels and appropriate interactions with tissue cells. How-
ever, if questions can be answered with simpler 2D in vit-
ro models, then investment in MPS models that provide 
only a moderately improved response may not be recom-
mended.

Table 1.   High-level overview of the strengths and limitations of different in vitro platforms.
In vitro platform Complexity Throughput Cost Considerations

Traditional 2D cultures + ++++ +
Simple; Not costly; Easy to handle; Amenable to high-
throughput screening; May lack relevant phenotypic 
markers; Short-term viability

Micropatterned co-cultures + +++ ++
Amenable to screening; Easy to handle; Extended 
culture longevity; Stromal cells from different species 
may complicate analysis

Spheroids ++ +++ ++
Amenable to screening; Difficult to handle due to size; 
Can develop necrotic core if too large; Imaging into 
spheroids can be problematic

Organoids +++ ++ +++
Maintain organ anatomic microstructure; Difficult 
to culture/perfuse; May require complex hydrogel/
scaffolds

Microfluidic organ-chips ++++ + ++++ Most physiologically relevant; Require intense user 
training; Generally costly with lower throughput
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An important consideration to move complex in vit-
ro models from specific targeted use to more consistent 
and standard use in pharmaceutical development is qual-
ification or validation. An example of an extensive vali-
dation effort is the assessment of skin irritation that has 
been undertaken in reconstructed skin models and pub-
lished as guidelines by the Organisation for Economic 
and Cooperation and Development (OECD). Unlike the 
activities leading to the official qualification of biomark-
ers used in clinical trials, the validation efforts conduct-
ed by the OECD represent a high level of validation that 
assures the reproducibility of specific skin models to mit-
igate risk for skin irritation or photosensitivity in humans. 
However, this type of multisite effort testing of many 
compounds to ensure reproducibility may not be neces-
sary for the regulatory submission of MPS data for a sin-
gle program. Qualification for a specific context of use 
supporting reproducibility and accuracy in a single labo-
ratory would likely be sufficient.

Disclosure of assay development and testing for a spe-
cific context of use could support a model/assay for a 
regulatory filing, if the information could be used by a 
reviewer to confidently assess the assay and the results. 
Supporting data should include the assay conditions and 
format, cell types, analyses, and controls used. The com-
pany submitting the data has the responsibility to ensure 
that the entirety of the generated data, including reli-
ance on MPS results, offers no risk to humans. There is 
always a risk that when MPS data are submitted to regu-
lators, they could be interpreted differently by the submit-
ting company and the regulator, possibly causing confu-
sion and delaying the progress of a life-saving medicine. 
Potential hesitancy on the part of sponsors and confusion 
on the part of regulators will decrease as more reproduci-
ble and qualified systems become available.

TARGET ORGANS MOST FREQUENTLY 
ASSOCIATED WITH ADVERSE FINDINGS

Animal toxicity studies are conducted along the entire 
continuum of discovery and development of new molec-
ular entities whether in the pharmaceutical or chemical 
industries. Initially, these studies contribute to de-risking 
targets or screening potential compound series and later 
for clinical development and marketing authorizations. 
When information is combined from two toxicology spe-
cies, animal data yield 70% concordance in uncovering 
toxicities seen in humans (Olson et al., 2000). The criti-
cal data from these animal studies allow timely decisions 
on the fate of new molecules moving to the next stages of 
development (Monticello et al., 2017). One of the most 

important pieces of information gained from these stud-
ies is the identification of target organs and the charac-
terization of adverse effects, reversibility of these effects, 
clinical monitorability, and importantly their impact on 
humans and the environment. Recent progress in ear-
ly screening has allowed advancing promising mole-
cules to next stages; however, attrition of compounds that 
have entered pivotal studies can be costly and prevent 
promising therapeutic candidates from being assessed in 
humans. Based on compound modality, as many as 30% 
of drug candidates are lost to emerging toxicology issues 
(Pfizer’s internal data). Some of the main target organs of 
toxicity have remained consistent over the years but do 
vary by therapeutic area and compound modality. With-
out a particular order, cardiovascular, hepatobiliary, gas-
trointestinal, reproductive, renal, hemolymphatic, and 
central nervous system are among the most affected.

ORGAN-SPECIFIC MPS CONSIDERATIONS

A number of organ-specific MPS are in development 
and being utilized in biopharmaceutical research includ-
ing liver, gastrointestinal tract, vascular system, kidney, 
and lung. These are further discussed below.

Liver
Drug-induced liver injury (DILI) is poorly predict-

ed using animal models (Olson et al., 2000) and attrition 
of therapeutic candidates due to DILI in nonclinical and 
clinical development remains high despite advancements 
in predictive DILI model developments. This may be 
related to the fact that current approaches using immor-
talized cancer-derived cell lines and monoculture condi-
tions fail to recapitulate the multicellular and complex 
structural environment found in liver tissue in vivo. For 
example, screening compounds in general cell viability 
assays along with experiments using liver-specific assays 
(such as BSEP inhibition) and primary human sandwich-
cultured hepatocytes still fail to predict DILI potential in 
many cases including complex DILI mechanisms e.g., 
idiosyncratic DILI. Therefore, modeling hepatic respons-
es with complex liver MPS models may help to close the 
gaps associated with poor prediction potential of DILI in 
humans.

Details on the recommended specifications for evalu-
ating liver MPS models are discussed by Baudy and col-
leagues in their recent publication (Baudy et al., 2020). 
When selecting liver MPS, regardless of platform com-
plexity, initial assessment of certain characteristics 
should be performed to assure the best functional perfor-
mance of the model. As loss of normal hepatocyte func-
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tion is very commonly observed in traditional 2D prima-
ry in vitro   hepatocytes, one way to determine and monitor 
the overall hepatocyte health status in the MPS platform 
over time is to evaluate albumin and urea production. In 
addition to the evaluation of albumin and urea assess-
ment, consideration of the baseline metabolic capacity of 
hepatocytes in the MPS platform is recommended. Gene/
protein expression of key drug metabolizing phase I and 
phase II enzymes and transporters should be examined 
over a time course of at least 14 days but can be longer if 
required by individual liver MPS experiments. Important 
markers of liver viability, including alanine aminotrans-
ferase (ALT) and lactate dehydrogenase (LDH) activities, 
and transporter function and bile acid homeostasis should 
also be examined. Furthermore, inclusion of the relevant 
cell types in liver MPS (i.e. hepatocytes only vs. hepat-
ocytes and non-parenchymal cells such as Kupff er cells 
and cholangiocytes) should be driven by the specific 
question and context of use. For example, if liver MPS is 
to be used for identifying a mechanism of immune-medi-
ated DILI, inclusion of Kupff er cells might be necessary. 
For the study of bile acid homeostasis and biliary clear-
ance of drugs, inclusion of polarized hepatocytes with 

adequate bile canaliculi in combination with bile duct epi-
thelial cells (cholangiocytes) should ideally be integrated 
into liver MPS. Importantly, powerful microscopic imag-
ing off ering suffi  cient resolution of miniature liver MPS 
models may be necessary when traditional assays evalu-
ating marker release into media lack relevant sensitivity. 
Examples of high-content imaging of hepatic spheroids 
following hepatotoxic insult and GFP transduction in liv-
er microfl uidic chips are presented in   Fig. 2   and   Fig. 3   ,  
respectively.   

   Overall, specifi c research questions being asked will 
dictate the composition and complexity of liver MPS 
platforms. As an example, albumin secretion, urea syn-
thesis and cytochrome P450 expression were enhanced 
by coculturing primary human hepatocytes with stromal 
cells ( Khetani and Bhatia, 2008 ) or with endothelial cells 
( Liu et al., 2014 ). This has been explored as liver-on-a-
chip MPS using a conventional microfl uidic bilayer chip 
used previously for lung-on-a-chip ( Huh et al., 2010 ). 
Liver sinusoids were mimicked by sequentially seeding 
sinusoidal endothelial cells and Kupff er cells on one side 
of a porous membrane, while hepatic stellate cells were 
seeded on the other side and hepatocytes were cultured 
on the bottom surface of the channel ( Du et al., 2017 ). In 
this model, fl ow-induced shear stress enhanced the secre-
tion of hepatocyte growth factors and enzyme activity, 
and the co-culture enhanced albumin secretion and neu-
trophil recruitment. In another experimental design, liver 
spheroids made of HepG2/C3A cells were embedded with 
gelatin methacryloyl hydrogel in a polydimethylsilox-
ane/poly (methyl methacrylate) (PDMS/PMMA) cham-
ber ( Bhise et al., 2016 ). In that setting, long-term culture 
(30 days) with media fl ow rate of 200 μL/hr enabled suffi  -
cient oxygen supply (1.0 x 10 −4  mol/m 3 ) by perfusion cul-
ture. In a third example, conventional sandwich culture of 
rat primary hepatocytes and collagen was evaluated in a 
microfl uidic chip, which was also exposed to perfusion 
fl ow ( Hegde et al., 2014 ). Flow-enabled bile canaliculi 
formation resulted in higher albumin and urea secretions 
and induced cytochrome P450 1A1 activity in compari-
son with static culture ( Hegde et al., 2014 ). These exam-
ples portray the importance of 3D co-culture in recapit-
ulating adequate structure and function for evaluating 
physiologic changes in the liver MPS.   

  
   Intestine   

   Gastrointestinal toxicity is one of the leading dose-
limiting target organ toxicities predominantly identi-
fied in oncology programs. Drug-induced gastrointes-
tinal toxicity hampers clinical development, frequently 
leading to dose reduction, dose delay and can even pre-

   Fig. 2  .      Visualization of cell death in hepatic spheroids. Hu-
man liver microtissues (spheroids, InSphero, Inc.) 
composed of hepatocytes and Kupffer cells were 
treated with  (A)  vehicle with lipopolysaccharide 
(LPS, 1 µg/mL) or  (B)  125 µM diclofenac with LPS 
(1 µg/mL) for 72 hr to induce hepatic injury. Fol-
lowing treatments, spheroids were stained with fl uo-
rescent dyes to visualize plasma membrane (Cell-
Mask Green), nuclei (Hoechst, blue) and dead cells 
(Draq7, red). Spheroids were fixed in 4% paraform-
aldehyde and cleared in ScaleS reagents for imag-
ing. As expected, treatment with diclofenac and 
LPS induced morphological changes to the spheroid 
structure, evidenced by hepatic cell death (increased 
Draq7 staining), suggestive of drug-induced liver in-
jury. Images were captured with a 20X objective us-
ing Operetta CLS High-Content Screening System 
(Perkin Elmer).   
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vent compounds from achieving desired efficacy. The 
adverse eff ects associated with gastrointestinal toxicity 
can be broken down by individual symptoms and include 
nausea, vomiting, constipation, diarrhea and abdominal 
pain. It is important to stress that while in vivo   modeling 
of these symptoms is heavily reliant on histopathological 
assessment of the intestine coupled with functional end-
points like fecal pellet count or motility imaging, reca-
pitulation of these adverse eff ects in vitro   has been very 
challenging.   

   The required cell types necessary to recapitulate rele-
vant gut function will depend on the specifi c mechanistic 
question to be addressed but will generally require major 
epithelial cell type functions such as stem cell renewal, 
cell proliferation, Paneth cell support, goblet cell secre-
tion and enterocyte barrier function. Moreover, self-
organization into crypt and villus-like domains would 
provide spatial evidence of relevant cell-to-cell interac-
tions, mimicking intestinal structure and physiology. Ide-
al gastrointestinal MPS would also carefully replicate 
the intestinal epithelial cell (enterocyte) interaction with 
commensal bacteria (microbiome) that is rarely evalu-
ated in traditional gut epithelial monocultures. Finally, 
incorporation of mechanical factors mimicking peristal-
sis might further improve in vivo   predictivity of intestinal 
MPS. Important considerations for MPS model specifi ca-
tions are discussed in detail by Peters and co-authors in 
their recent manuscript ( Peters et al., 2020 ).   

   The existence of a well-established human intesti-
nal epithelial cell line, Caco2, has greatly contributed to 

early evaluation of intestinal MPS models. Prior to the 
development of a gut-chip, Caco2 cells were tradition-
ally cultured in a static Transwell format. For example, 
a typical assay was performed by seeding Caco2 on col-
lagen I and a Matrigel-coated porous membrane ( Kim et 
al., 2012 ). As discussed later in lung-on-a-chip case, the 
application of shear stress exerted by the force of fl owing 
medium over cells along with cyclic mechanical strain 
imparted by a stretchable PDMS membrane led to the 
improvement of barrier function and paracellular perme-
ability. The same model was applied to recapitulate 3D 
villus morphology and damage caused by pathogenic bac-
terial (enteroinvasive  E. coli ) overgrowth even without 
mechanical strain ( Kim et al., 2016 ). Co-culture with vas-
cular endothelial cells can be used to investigate polarized 
cytokine release in response to the addition of lipopoly-
saccharide in the “lumen” channel and human peripher-
al blood mononuclear cells in the “endothelium” channel. 
In another example, human intestinal crypts derived from 
biopsy samples were cultured with intestinal microvascu-
lar endothelium to recapitulate intestine-on-a-chip mim-
icking human duodenum ( Kasendra et al., 2018 ). Com-
pared with the Caco2 chip, intestine chips were found to 
have elevated sucrase activity and mucin 2 levels, dem-
onstrating that key intestinal physiologic functions were 
present. Other studies recapitulated a hypoxia gradient 
across the endothelial-epithelial interface by introduc-
ing aerobic and anaerobic human gut microbiota onto 
an intestine-on-a-chip ( Jalili-Firoozinezhad et al., 2019 ). 
In addition to intestine organ-chips, stem-cell derived 

   Fig. 3  .      Assessment of GFP transduction in liver microfl uidic chips. Liver chips (Emulate, Inc.) cultured with primary cynomolgus 
monkey hepatocytes in the top channel and primary cynomolgus monkey liver sinusoidal endothelial cells in the bottom 
channel, were treated with  (A)  vehicle or  (B)  AAV containing an eGFP transgene. Following 5 days post-infection, chips 
were stained with Hoechst to visualize nuclei and expression of eGFP was assessed. The results demonstrate that microfl u-
idic hepatic co-culture chips are an appropriate model to assess AAV-mediated transduction effi  ciency. Chips were scanned 
in their entirety with Opera Phenix High-Content Screening System using a 10X objective (Perkin Elmer). Magnifi ed im-
ages are located to the right of full channel scans.   
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intestinal organoids have also found routine applications 
in screening assays and biological modeling of tissues. 
Recent work described generation of patient-derived gas-
trointestinal cancer organoids via stem-cell aggregation 
in microcavity arrays that were used to evaluate effi  ca-
cy of anti-cancer drugs ( Brandenberg et al., 2020 ). The 
organoid array technology [e.g. using induced pluripo-
tent stem cells (iPSCs)] is likely going to be applicable 
to other target tissues and organ systems to enable high-
er throughput scalable screening eff orts with many down-
stream applications (  Fig. 4  ).   

  
   Vascular system   

   Cardiovascular eff ects including electrophysiological 
and hemodynamic changes, as well as histopathological 
fi ndings contribute to as much as 18% of compound ter-
minations in the late discovery phase ( Fabre et al., 2020 ). 
While Fabre and others acknowledge that it will be chal-
lenging for in vitro   MPS to reproduce all potential toxici-
ties, understanding the capabilities and limitations of each 
system will help to determine the appropriate questions 
to ask of each system. Among histopathologic chang-
es, drug-induced vascular injury (DIVI) remains a recur-
ring source of nonclinical toxicity-related attrition. In our 

experience, due to the low incidence and variable loca-
tion of vascular changes, exploratory animal toxicology 
studies have not been able to detect DIVI on a consistent 
basis possibly as a result of low number of animals used 
in these screening studies. However, in pivotal toxicity 
studies, DIVI accounted for ~8% of attrition of new ther-
apeutic candidates ( Pfi zer’s internal data ). Our eff orts to 
identify an in vitro   screen for DIVI using static 2D prep-
arations tended to lack sensitivity when compared with in 
vivo   exposure ranges.   

   Human umbilical vein endothelial cells (HUVECs) 
and organ-specifi c primary human endothelial cells show 
promise in modeling vascular injury in vitro   with poten-
tially better clinical translation. It is challenging to cre-
ate an organ-specifi c architecture requiring multiple cell 
types including endothelial cells, pericytes and/or smooth 
muscle cells, and immune system components and even 
more difficult to include organ-specific shear flow to 
mimic physiologic conditions. Many model systems have 
early promise to overcome one or more of these issues, 
but few systems have the capability to overcome all of 
them.   

   Due to the importance of the vasculature in all tissues 
in vivo  , recapitulating vascular connections in a chip for-
mat is an important consideration. In recent years, one of 
the main research directions in the MPS area is to inte-
grate multiple organs-on-a-chip to realize a human/body-
on-a-chip. Considering each organ-on-a-chip as a unit 
component, it is possible to interconnect several com-
ponents by engineering means, i.e. PDMS microfl uidic 
channels ( Schimek et al., 2020 ), PMMA modular devic-
es ( Esch et al., 2016 ) and three polymer layers ( Edington 
et al., 2018 ). However, what remains challenging is the 
incorporation of vessels between individual MPS organs. 
Given the long history in vascular biology, fundamental 
studies on angiogenesis and vasculogenesis have been 
conducted using on-chip vessels even prior to the estab-
lishment of MPS technologies.   

   There are two major vessel bioengineering methods, 
which include the “pre-designed method”, where a hollow 
structure for the vascular network is prefabricated and 
the “self-organizing method”, which relies on spontane-
ous formation of endothelial cells in tubes as occurs with 
vasculogenesis or angiogenesis (Miura and Yokokawa,  
2016). Prefabrication requires seeding of endothelial cells 
in extracellular matrix (ECM) or polymer materials using 
photolithography ( Galie et al., 2014 ;  Song et al., 2012 ; 
 Song and Munn, 2011 ), needles ( Chrobak et al., 2006 ; 
 Sadr et al., 2011 ;  Usuba et al., 2019 ;  Yoshida et al., 2013 ) 
or sacrifi cial molding ( Golden and Tien, 2007 ;  Miller et 
al., 2012 ). ECM structures enable facile embedding of 

   Fig. 4  .      Idea for massive and parallel organoid evaluation on a 
chip with many downstream applications.   
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endothelial cells ( Chrobak et al., 2006 ;  Galie et al., 2014 ; 
 Golden and Tien, 2007 ;  Usuba et al., 2019 ) when poly-
mer channels are coated with ECM prior to cell seeding 
( Miller et al., 2012 ;  Sadr et al., 2011 ;  Song et al., 2012 ). 
Once endothelial cells, HUVECs in most cases, are cul-
tured inside of the structures, eff ects of fl uid shear stress 
( Galie et al., 2014 ;  Song and Munn, 2011 ) and growth 
factors ( Usuba et al., 2019 ) on angiogenesis can be stud-
ied. The “pre-designed method” is also used for co-cul-
ture with organ-specifi c cells for tissue engineering appli-
cations ( Zhang et al., 2016 ). Owing to the stable and 
robust features of the method, vascular networks can be 
pre-designed to interconnect multiple organ components 
to create multi-organ MPS. Moreover, it is possible to 
quantitatively evaluate the behavior of endothelial cells 
at the single-cell level in response to biomechanical and 
biochemical cues, because the method precisely defi nes 
the structure of the vascular network, fl ow rate and gra-
dient of growth factors in the microfl uidic environment. 
The drawbacks of this approach are poor permeability of 
vascular walls and inability for vascular remodeling, both 
very important for the evaluation of DIVI in vitro  .   

   The “self-organizing method” overcomes some of the 
disadvantages of the “pre-designed method”, as it relies 

on spontaneous pattern formation of endothelial cells, 
as seen with vasculogenesis or angiogenesis, which is 
induced using Matrigel (tube formation assay) ( Lawley 
and Kubota, 1989 ), fi broblast-coated fi brin beads ( Nakatsu 
and Hughes, 2008 ) or direct application of recombinant 
VEGFs ( Gerhardt et al., 2003 ). These culture dish-based 
methods are easily accessible in conventional drug dis-
covery settings; however, the method is limited in the 
ability to evaluate intraluminal fl ow that is essential for 
assessing the effi  cacy of compounds. The advantage of 
microfl uidic devices is to provide access to the intravas-
cular space to reconstitute 3D perfusable vascular net-
works in vitro  . In early models, human lung fi broblasts 
were co-cultured with HUVECs in microfl uidic channels 
and VEGF and other angiogenic factors were introduced 
in a fi brin-collagen gel, in which HUVECs autonomously 
invaded the gel structure to create a hollow lumen, while 
leaving an opening at the interface of microfl uidic chan-
nels ( Kim et al., 2013 ;  Yeon et al., 2012 ). Advantages of 
the “self-organizing method” include in vivo   relevance 
such as vascular morphology, permeability and dynam-
ic morphogenetics. A signifi cant number of studies with 
co-culturing target cells in the vascular network have 
been reported for evaluating cancer cell extravasation 
( Boussommier-Calleja et al., 2019 ;  Chen et al., 2017 ; 
 Jeon et al., 2015 ) and permeability of the blood-brain 
barrier ( Bang et al., 2017 ;  Campisi et al., 2018 ). More 
recently, in vivo   relevance of the method promoted not 
only the co-culture with target cells but also the con-
nection of vessels with 3D tissues including spheroids 
( Nashimoto et al., 2017 ;  Nashimoto et al., 2020 ) (  Fig. 
5  ) and organoids ( Park et al., 2019 ). The self-organizing 
model also provides a platform to evaluate the eff ect of 
blood fl ow on drug effi  cacy ( Nashimoto et al., 2020 ). One 
major drawback of the method is the design capability of 
the structure of the vascular network, which might make 
it challenging to interconnect multiple on-chip organs to 
create a human-on-a-chip.   

   Cell-derived microparticles or microvesicles are a 
type of extracellular vesicle (typically between 100 and 
1000 nm in diameter) which have been reported to have 
roles in intercellular communication in addition to oth-
er biologic functions such as immunity and tissue regen-
eration ( Hromada et al., 2017 ). In vascular MPS models 
with a microporous membrane separating two microfl u-
idic channels (e.g. an endothelial channel and pericyte 
channel), when the membrane pores are 1-3 µm in diame-
ter, cell-derived microparticles (< 1 µm) could travel from 
one channel to the other. Flow cytometry for pericyte-spe-
cifi c (NG2) or endothelial-specifi c (CD31) markers might 
have utility in exploring the movement of microparti-

   Fig. 5  .      The on-chip vascular network with a 3D spheroid tis-
sue.  (A)  Photograph of a PDMS microfl uidic device 
with red ink-fi lled channels.  (B)  Schematic of co-cul-
ture of vascular network structure with the spheroid in 
a microfl uidic device.  (C)  Fluorescent micrograph of a 
vascular network composed of human umbilical vein 
endothelial cells (HUVECs) connected to a spheroid 
generated by co-culturing HUVECs with human lung 
fi broblasts. Additional model details are described in 
Nashimoto et al. (2017) publication.   
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cles to allow investigation of intercellular communication 
in a co-culture system (Fig. 6). In-house flow cytome-
try analysis of media samples from a vascular microflu-
idic device (PREDICT-96 platform described in Tan et 
al. (2019)) demonstrated presence of cellular microparti-
cles in both channels under high shear conditions (Fig. 6).  
While we cannot exclude the possibility that small cell 
fragments were also captured in the analysis (gating cap-
tured all particles < 1 µm), the preliminary results indi-
cate that the majority of identified microparticles were 
found in the channel consistent with their cell of origin. 
Further exploration of high shear effects and TGF-β acti-
vation on the number of cell-derived microparticles in a 
vascular-chip is ongoing. In our experience, multichannel 
co-culture systems that incorporate pressurized fluid flow 
are capable of measuring the response to perturbations in 
a complex system such as cellular damage, barrier disrup-
tion, cytokine stimulation, and fluid shear stress. While 

initial results indicate improved robustness of these co-
culture models, additional qualification for context of use 
is required. When considering qualification for context of 
use, specific criteria must be utilized to ensure adequate 
accuracy and reproducibility.

Kidney
Drug-induced nephrotoxicity is among the top 5 most 

frequently observed adverse effects reported during drug 
development. The development of in vitro models to suc-
cessfully predict drug-induced kidney toxicity requires 
solid understanding of the specific cellular targets, mode 
of action of nephrotoxicants and reliable biomarkers of 
nephrotoxicity. In standard in vitro models, kidney epi-
thelial cells exhibit poor apical-basal polarization and 
have low or no expression of transporter proteins, result-
ing in poor predictivity for kidney toxicity screening. 
The majority of kidney MPS models utilize the proxi-

Fig. 6. 	 Media microparticle evaluation from a microfluidic vascular-chip platform. (A) Human retinal microvascular pericytes and 
human microvascular endothelial cells were seeded in the apical and basal channels of the PREDICT-96 platform (Draper), 
respectively, to establish an indirect co-culture on either side of a microporous membrane separating the channels. Me-
dia were collected from each channel and cellular microparticles specific to each channel were evaluated. (B-C) Antibody 
against CD31 (labeled with FITC) was shown to be specific to endothelial cells only, while (D-E) antibody against NG2 
(labeled with PE) showed unique specificity to pericytes. (F) Gating strategy was set to evaluate endothelial and pericyte-
derived microparticles that were less than 1 µm in diameter. (G) Analysis of media from co-culture under high shear condi-
tions demonstrated evidence of NG2+ and CD31+ microparticles in the apical and basal channels, respectively.
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mal tubules, as this region is considered the major site of 
drug-induced toxicity, although other systems have also 
emerged that focus on diff erent regions of the kidney. To 
this end, prediction of glomerular injury remains incredi-
bly diffi  cult as glomerular physiology has yet to be accu-
rately represented in vitro  . Moreover, models incorporat-
ing distal tubule or collecting ducts may be developed to 
capture renal segment-specifi c toxicants. Ideally, a future 
kidney MPS would integrate an entire nephron-on-a-chip 
containing all relevant units in the proper succession to 
allow screening and characterization of all renal toxicants 
in a single platform. Since it is recognized that this is a 
high bar to reach, current kidney models require prop-
er characterization to support specifi c context of use for 
generation of decision-making data.   

   When selecting a kidney MPS, assessment of metab-
olizing enzymes and renal transporters that play a key 
role in disposition of drugs and toxicity is necessary. 
For example, in renal proximal tubule cells (RPTECs), 
there are multiple basolateral transporters necessary for 
uptake of metabolic products and drugs into the proximal 
tubule epithelium (e.g. OAT1, OAT3, OCT2) ( Nieskens 
et al., 2016 ), as well as effl  ux transporters localized on 

the apical membrane (e.g. MRP2, MRP4). Examples 
of fluorescent staining and brightfield images of proxi-
mal tubule-on-a-chip are shown in   Fig. 7  . The epithelial 
(RPTEC) and endothelial (HUVEC) sides are identifi ed 
by EpCAM and CD31 markers, respectively. Frequently, 
the cell lines and even primary cells used in kidney toxic-
ity screening lack the appropriate transporter expression, 
and engineered cells overexpressing certain transporters 
are linked with dramatic increase in screening sensitiv-
ity. Given these considerations, careful cell sourcing for 
kidney MPS models is crucial. In addition to enzyme and 
transporter evaluation at the gene or protein level (and/
or via immunohistochemistry), structural and function-
al readouts, like assessment of active transport capabili-
ties is necessary for kidney MPS characterization. Final-
ly, the ability to detect biomarkers in culture media (e.g. 
kidney injury molecule-1 [KIM-1], clusterin and neutro-
phil gelatinase-associated lipocalin [NGAL]) using com-
mercial ELISA assays would further strengthen the per-
formance and effectiveness of kidney MPS models in 
screening eff orts. Additional kidney MPS qualifi cations 
and current gaps are discussed in detail by Philips and co-
authors in their recent manuscript ( Phillips et al., 2020 ).   

   Fig. 7  .      Staining in a proximal tubule-on-a-chip.  (A) Human umbilical vein endothelial cells (HUVECs) and renal proximal tubule 
epithelial cells (RPTECs) were cultured on the bottom and top sides of a porous membrane, respectively, in a microfl uidic 
chip (Emulate, Inc.) . Crosstalk, i.e. paracrine signaling, between the two channels leading to improved functionality of the 
epithelial layer is achieved through the membrane micropores.  (B)  Magnifi ed images show expression of characteristic pro-
teins: CD31 (red) for HUVECs and EpCAM (green) for RPTECs; nuclei are stained with DAPI (blue).   
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In one of the reported examples of the glomerulus-
on-a-chip which aimed to recapitulate glomerular bar-
rier function, chips were created by seeding rat podo-
cytes onto an ECM in a microfluidic device (Wang et al., 
2017). In that model, authors demonstrated an increase in 
filtered albumin which was linked with increased glucose 
concentrations (from 5.5 mM to 35.5 mM), recapitulating 
a model of diabetic nephropathy. Other types of human 
podocytes, including primary, immortalized and amniot-
ic fluid-derived podocytes, have been evaluated in a com-
mercialized glomerulus-chip (Petrosyan et al., 2019). 
In that setting, immortalized podocytes did not deposit 
enough components of glomerular basement membrane 
such as collagens and laminins (specifically COL4A3 
and LAMA5), resulting in less retention of albumin com-
pared with primary and amniotic fluid-derived podocytes. 
In another study, glomerulus-chip was reconstituted with 
human iPSCs, which were differentiated to podocytes and 
expressed relevant phenotype markers (e.g. WT-1 and 
NPHS1) (Musah et al., 2017). Evaluation of adriamycin-
induced toxicity demonstrated an increase in albumin fil-
tration and podocyte damage, effects consistent with in 
vivo nephrotoxicity. These examples highlight models 
that are moving towards demonstration of barrier function 
and toxicity; however, glomerular physiology has yet to 
be fully reconstituted.

Significant efforts have been made in proximal tubule-
on-a-chip in the MPS community owing to the above-
mentioned importance of nephrotoxicity and transporter 
assays which are already being employed in biopharma-
ceutical research. When primary human proximal tubule 
epithelial cells were cultured under a perfusion flow, ZO-1 
expression and albumin/glucose reabsorption increased 
compared with the static culture condition (Jang et al., 
2013). In addition, P-glycoprotein ATP-binding cassette 
membrane transporter activity was elevated by the per-
fusion culture condition and the inhibition of its activity 
was demonstrated with verapamil. Co-culture with nor-
mal human microvascular endothelial cells resulted in 
enhanced proliferation of proximal tubule cells and mito-
chondrial activity compared with the epithelial monolay-
er culture condition. Another commercial chip recreated 
3D proximal tubules (Tourovskaia et al., 2014; Weber et 
al., 2016), in which expression of γ-glutamyl transpepti-
dase and sodium/glucose cotransporter 2, ammoniagen-
esis and lower levels of KIM-1 were assessed as mark-
ers of cellular function. Importantly, secretory transport 
of the prototypical organic anion, para-aminohippurate, 
was measured with and without an inhibitor, probenecid, 
which typically cannot be assessed using a Transwell sys-
tem. Long-term culture produced in vivo-like morpholog-

ical characteristics of RPTECs such as physiologically 
relevant cell height, microvilli length and density (Homan 
et al., 2016), for which a sacrificial patterning method of 
tubular structure was developed using 3D printing. The 
result was applied to a co-culture model with an adja-
cent channel for endothelial cells (Lin et al., 2019). Glu-
cose reabsorption was enhanced 5- to 10-fold in compar-
ison with Transwell experiments. Owing to the capability 
of long-term culture, the MPS models described have the 
potential to be applied for evaluation of glucose filtration 
and reabsorption.

Lung
Modeling lung responses in vitro is met with multiple 

challenges due to the complex architecture and diverse 
functions of the lung. Desirable characteristics for lung 
models should at minimum include alveolar epitheli-
um with air interface as well as pulmonary endothelium 
with access to a media/blood compartment to best mim-
ic in vivo-like lung functions. Lung was the first organ-
on-a-chip model reported in 2010 that led to the devel-
opment of the MPS community (Huh et al., 2010). As 
with any MPS system, sources of pulmonary cell types 
and their functional capabilities were closely examined 
before selecting a relevant model. Multiple lung in vit-
ro models have been described to date for drug discov-
ery applications, including lung organoids, air-liquid 
interface cultures using Transwell systems (Harney et 
al., 2021), bioprinted human lung tissues and lung-chip 
devices, with the latter exhibiting the greatest complexi-
ty. PDMS microfluidic devices allow for the cyclic stretch 
to be applied to reproduce physiological breathing move-
ments. In that model, human alveolar epithelial cells and 
pulmonary microvascular endothelial cells can be seed-
ed in the top and bottom channel of the device, respec-
tively. Air and media flow can be independently set for 
each channel with cyclic vacuum applied to the sides of 
the channels to imitate breathing.

Earlier versions of the lung-chip model have been uti-
lized in several experiments including drug toxicity-
induced pulmonary edema (Huh et al., 2012), evaluation 
of metabolic activity and cytokine secretion by physical 
stimuli (Stucki et al., 2015), asthma and chronic obstruc-
tive pulmonary disease models (Benam et al., 2016b), 
and effects of smoking including e-cigarettes (Benam et 
al., 2016a). These applications demonstrated applicabil-
ity of the lung-on-a-chip to disease models and to oth-
er organs as discussed in previous sections. Addition-
al details regarding desirable characteristics of lung MPS 
models have been carefully reviewed by Ainslie et al. 
(2019).
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The respiratory viral pandemic caused by SARS-
CoV-2 (COVID-19) makes the lung-on-a-chip an attrac-
tive platform to evaluate the efficacy of existing drugs. 
In a publication preprint, an airway model with human 
lung epithelial cells expressing ACE2 and TMPRSS2 
and endothelium were prepared for evaluation of FDA-
approved drugs, demonstrating the significant decrease of 
viral entry by amodiaquine, toremifene, and clomiphene 
(Si et al., 2020). Although the study employed a pseudo-
typed SARS-CoV-2 virus, the model may provide poten-
tial value for the current pandemic. Another publication 
preprint effort recently reported that the native SARS-
CoV-2 infection induced lung injury and an immune 
response (Zhang et al., 2020). The infection on the chip 
was demonstrated by immunostaining of viral Spike pro-
tein and evaluation by transmission electron microsco-
py. Further, in vivo infection was modeled by circulat-
ing immune cells caused by removal of endothelial cells 
and an increase of inflammatory cytokines. Suppression 
of viral replication and damage of the alveolar-capillary 
barrier was significant with the use of remdesivir, despite 
the clinical findings reporting mixed evidence (East-
man et al., 2020; Singh et al., 2020). The acute demand 
during the pandemic significantly accelerates the use of 
and need for MPS models in nonclinical evaluation not 
only of existing drugs but also for the evaluation of new 
drugs in the future. MPS will likely enable understand-
ing of the infection mechanism by monitoring infection 
and immune responses using a route of infection model 
from upper to lower airway and alveoli-on-a-chip. Man-
ifestation of COVID-19 symptoms depends on the age, 
race, and concomitant diseases and additionally on poten-
tial mutation of the SARS-CoV-2 proteins. Such diversifi-
cation of COVID-19 infection can likely be recapitulated 
using MPS models with a variety of viruses and patient-
derived iPSCs in contrast to the cost- and time-intensive 
development of new humanized mouse models.

CELL SOURCING FOR MPS MODELS

Primary and immortalized cells are mainly used in tra-
ditional 2D in vitro models in the pharmaceutical indus-
try due to the stability of cell supply, expression of func-
tional genes/proteins and reproducibility of outcomes in 
assays. Recent advances in stem-cell technology are ena-
bling the use of human iPSCs and embryonic stem cells 
in the development of relevant tissue MPS models. The 
stable supply of iPSCs and their differentiation protocols 
to organ-specific cells may provide advantageous benefits 
for conducting reproducible experiments. The use of stem 
cells can also improve physiological functions of MPS by 

the appropriate expression of target genes and functional 
proteins, which are often lacking in primary/immortalized 
cells used in the majority of current MPS models ena-
bling more human in vivo-like functions compared with 
conventional 2D in vitro models.

FUTURE OF COMPLEX IN VITRO MODELS AND 
IMPACT ON 3RS

Despite the immense potential of MPS technology, 
there are still multiple challenges to the widespread adop-
tion of these models by the pharmaceutical industry, with 
the main challenges linked to model qualification, clini-
cal translation and acceptance by regulators. The exuber-
ance of the industry to adopt these models will need to be 
tempered by the ability to reproduce the results in differ-
ent laboratories. This will be accomplished through exe-
cution of proof-of-concept studies, more cross-pharma 
consortia level qualifications of organ-specific MPS plat-
forms, and regulatory acceptance of specific systems ena-
bled by collaborations and internal learnings. All of these 
will enable the adoption and acceleration of MPS usage. 
The universal adoption and acceptance of the models as 
the new status quo is crucial for the short-term success 
and industry-wide implementation of this technology. 
Once the predictive capacity of MPS models is recapit-
ulated with confidence across organ models, MPS could 
be used to rank order compounds with a known toxicity 
to start to decrease the need for multiple exploratory tox-
icology studies with different chemotypes. The benefit of 
such an application would have an immediate impact on 
the 3Rs and increase the use of MPS platforms without 
the need to submit the drug candidate screening data to 
regulatory agencies.

With regards to a long-term focus on the application 
of MPS, pairing traditional 2D in vitro models with MPS 
for more complex readouts may be the best way to lever-
age the tools that have had reproducibility for early com-
pound risk assessment while incorporating more physi-
ologically relevant systems. Using a combined strategy, 
one could envision a head-to-head comparison with tra-
ditional exploratory toxicology studies in order to move 
towards reducing animal usage within studies. With new 
drug modalities, more complex formulations, and the 
desire to get medicines to patients sooner, programs strive 
to streamline active pharmaceutical ingredient (API) 
manufacturing alongside risk assessment, often reducing 
the availability of API in early stage drug development. 
This may make the determination of a maximum tolerat-
ed dose in early toxicity studies less likely, which increas-
es the potential of an in vitro approach to compensate for 
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the lack of these early in vivo studies. Selection of specif-
ic organs to be modeled with MPS could be derived from 
target knowledge reviews, chemical class knowledge, and 
in silico readouts partnered with standard in vitro plat-
forms. Ultimately, the functional readout from an MPS 
model could drive understanding of the risks of a chem-
otype prior to in vivo evaluations and could enable a pro-
gram to move forward even with limited API availability.

Although eliminating in vivo animal studies from drug 
research and development is a high bar for the foreseea-
ble future, application of MPS has already shown poten-
tial to significantly impact the 3Rs. Addressing mech-
anistic toxicity questions with MPS models instead of 
conducting additional in vivo studies can yield a positive 
step towards the refinement and reduction of animal use 
in research.

CONCLUSION

There is an ongoing collaboration between regulators 
and industry on the development of alternative models 
to in vivo animal experiments which is critical to future 
success of MPS. These models are being discussed and 
evaluated by multiple disciplines (pathology, toxicology, 
pharmacology, ADME) and on multiple continents (e.g. 
North America, Europe, and Asia). One of the largest bar-
riers to adoption is the hesitancy of pharmaceutical com-
panies to submit data to regulatory authorities that may 
initially slow down the progress of getting medicines to 
patients. Without understanding of how regulators will 
assess the data, there will continue to be concerns with 
reliance of MPS-focused submissions. The frequent usage 
of human cell lines in the MPS models and platforms 
promises better translatability but also a lot of discussion 
on producing data that are yet to be fully understood. A 
“safe harbor” for data submissions, such as has been uti-
lized for other initiatives e.g. toxicogenomics, could over-
come some of these barriers.

The conversation about the potential for and future 
use of MPS is becoming more grounded as the hype sur-
rounding the initial promises of these technologies is tem-
pered with additional understanding of the limitations and 
qualification efforts required to allow widespread usage. 
The US-FDA has focused on reproducibility of assays 
(Ribeiro et al., 2019; Rubiano et al., 2020) to allow adop-
tion in different laboratories and uniformity of data pro-
duced to enable consistent interpretation of findings. The 
improving capabilities of these complex models will con-
tinue to move the field towards a reduction in animal 
usage and better translatability to human endpoints.
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