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Advances of dual-organ and multi-organ systems
for gut, lung, skin and liver models in absorption
and metabolism studies
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Judith KrauR, @T Silvia Schobesberger, @T Martin Frauenlob and Peter Ertl @*

Drug development is a costly and timely process with high risks of failure during clinical trials. Although
in vitro tissue models have significantly advanced over the years, thus fostering a transition from animal-
derived models towards human-derived models, failure rates still remain high. Current cell-based assays
are still not able to provide an accurate prediction of the clinical success or failure of a drug candidate. To
overcome the limitations of current methods, a variety of microfluidic systems have been developed as
powerful tools that are capable of mimicking (micro)physiological conditions more closely by integrating
physiological fluid flow conditions, mechanobiological cues and concentration gradients, to name only a
few. One major advantage of these biochip-based tissue cultures, however, is their ability to seamlessly
connect different organ models, thereby allowing the study of organ-crosstalk and metabolic byproduct
effects. This is especially important when assessing absorption, distribution, metabolism, and excretion
(ADME) processes of drug candidates, where an interplay between various organs is a prerequisite. In the
current review, a number of in vitro models as well as microfluidic dual- and multi-organ systems are
summarized with a focus on absorption (skin, lung, gut) and metabolism (liver). Additionally, the advantage
of multi-organ chips in identifying a drug's on and off-target toxicity is discussed. Finally, the potential
high-throughput implementation and modular chip design of multi-organ-on-a-chip systems within the
pharmaceutical industry is highlighted, outlining the necessity of reducing handling complexity.

recapitulate key physiological functions and thereby provide
better prediction.” By establishing multi-organ chips, either

In drug development, nine out of ten drugs still fail during
clinical trials, while up to 15 years pass for the successful
candidate to enter the market." For anticancer drugs the
success rate was even less with 3.4% in the study time of
2000 to 2015.> Overall, the most abundant reasons for failure
were reported to be a lack of efficacy (52%) and safety (24%)
for the reporting period 2013-2015.% Especially failure rates in
the more expensive clinical phases II and III dramatically
increase research and development costs, thus posing a great
financial burden for companies.* To minimize the risk of
late-stage failure, it is indispensable to increase the predictive
validity already in preclinical studies since animal models or
2D cell culture models often fail to accurately predict drug
metabolism and the metabolites' toxicity on the human body.
Consequently, advanced human cell-based in vitro models,
such as organ-on-a-chip systems, have been developed to
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by connecting single organ modules or by combining several
organ models on a single chip, inter-organ communication
can be resembled, thereby facilitating a better replication of
physiological processes in the human body.® Additionally, the
simulation of a circulating stream is key in studying the
effects of drug metabolites on other tissues, thereby
identifying possible secondary drug toxicity early on that
reduces costs and attrition rates during clinical trials.”® The
Food and Drug Administration (FDA) recently paved the way
for the use of these microphysiological systems (MPS) in drug
safety and effectiveness testing as an alternative to animal
testing before entering clinical trials, underlining the
potential for broad applicability.’

Besides the need for better predictive models, the number
of drug candidates has risen with the introduction of
artificial intelligence in pharmaceutical research and
development.'® As a result, the demand for pharmacokinetic
studies with reliable and physiological-relevant in vitro
models to investigate absorption, distribution, metabolism,
and excretion (ADME) of drug candidates has significantly
increased in recent years.'' Additionally, nanoparticles as

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4lc01011f&domain=pdf&date_stamp=2025-03-08
http://orcid.org/0009-0006-4852-6142
http://orcid.org/0009-0005-0689-8151
http://orcid.org/0000-0003-1319-9795
http://orcid.org/0009-0006-5312-2986
http://orcid.org/0000-0002-8379-6520
http://orcid.org/0000-0002-7625-2445
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc01011f
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC025006

Open Access Article. Published on 13 Februari 2025. Downloaded on 05/05/2026 00.32.07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

advanced drug delivery systems have also been intensively
studied for pharmaceutical applications, however, their
behavior within the human body is hardly understood.'
Besides their application in drug delivery, their widespread
usage in various industrial fields, including food additives
and cosmetics, further highlights the need for reliable multi-
organ models to study their ADME effects on the human
body."® As a potential technological solution that can also
cope with the increasing number of drug candidates,
miniaturized human-derived multi-organ platforms are
capable of emulating physiologically-relevant metabolism."*
However, handling complexity needs to be reduced and/or
operation automated to enable high-throughput screening
with these platforms.

In attempt to summarize recent dual- and multi-organ-on-a-
chip advances and highlight strategies to improve drug
development, this review describes in detail the three main
absorption organs (intestine, lung, and skin) involved in
different administration routes (oral, pulmonary, and
transdermal) and the metabolism organ (liver) as well as their
already established in vitro models. Since the liver is the main
metabolizing organ, available biochip systems connecting a liver
model to various absorption organ models are compiled, and
their ability to study a drug’s toxicity on target and non-target
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organs is critically reviewed and discussed. Since the application
of microfluidic multi-organ systems in the pharmaceutical
industry is still in its infancy, high-throughput organ-on-a-chip
systems that offer reduced handling complexity are highlighted
and current unmet needs for a transition from the academic to
the industrial sector are discussed.

2 Relevant organs in drug absorption
and metabolism and their in vitro
models

Before elaborating the advances of in vitro models, the
following chapter discusses the organs' structural
architecture and primary functions. It highlights organ-
specific cell types and biophysical properties, such as
characteristic flow rate or shear stress, that define the
microenvironment. Understanding these key properties is
essential for an accurate replications of organ functions in
in vitro models.

2.1 Organ architecture

Intestine. The intestine is an essential organ for drug
absorption, requiring drugs to pass through a villi-shaped
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Fig. 1 The architecture and main cell types in drug absorption organs such as the intestine (A), lung (B), and skin (C), as well as the drug

metabolizing organ, the liver (D).
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barrier formed by epithelial cells with microvilli on the apical
cell surface to increase the absorption area. This specialized
cell barrier comprises five different cell types (Fig. 1A) -
enterocytes (drug metabolism via cytochrome P450 enzymes
and transport regulation),">'® goblet cells (mucus
production),"” enteroendocrine cells (hormone production),'®
Paneth cells (antimicrobial peptide secretion),’® and stem
cells (regeneration).'” These five cell types are crucial for
maintaining an intact 3D barrier that drugs have to
overcome. In order to sustain this fragile system, it is
exposed to oxygen levels between 2-8% and shear forces from
0.002-0.08 dyne cm2,71920

Lung. The lower respiratory tract, including the bronchial
and alveolar epithelium (Fig. 1B), are critical for drug delivery
via inhalation. Generally, the lung has a very low
metabolizing environment, enhancing plasma drug
bioavailability.>" Like the gut barrier, the airway epithelium's
integrity relies on several cell-cell interactions, such as tight
junctions, adherent junctions, and desmosomes.**?
Additionally, mucus covers the bronchial and the bronchiolar
epithelium layer produced by either goblet cells or so-called
Clara cells, respectively.”* The air-blood barrier, consisting of
alveoli, lacks a mucus layer but has a thin surfactant layer,
leading to high gas permeability.>>*® The thin alveolar
epithelium comprises type I (AT-I) and type II (AT-II) alveolar
epithelial cells, whereby the cuboidal AT-II cells secrete
surfactant, which regulates the entrance of substances into
the blood.>®?” Shear forces of 0.45 dyne cm™ and 21%
oxygen sustain epithelial function.?®

Skin. The skin, comprising the epidermis, dermis and
subcutis, forms a primary barrier, allowing transdermal drug
delivery which reduces systemic exposure and premature
drug degradation.”*?° The epidermis’ main cell types
(Fig. 1C) are keratinocytes (barrier formation) followed by
Merkel cells (mechanosensitivity), Langerhans cells (immune
response), and melanocytes (UV protection).*** Its' outmost
layer, stratum corneum, built of a lipid matrix with dehydrated
and dead keratinocytes is the most prominent absorption
barrier for drugs and nanoparticles. The dermis mainly
consists of connective tissue (collagen I and III and elastin)
and fibroblasts secreting extracellular matrix (ECM)
components.*> Drugs enter the blood stream through the
endothelial barrier of the blood vessels pervading the
dermis.*® Skin appendages such as glands, hair follicles, and
nerves enable alternative routes for transdermal drug
delivery. The transappendageal pathway is particularly
favorable for small and rigid nanocarriers.*®*%3

Liver. The liver plays a key role in drug metabolism and
drug-induced liver injury is a common reason for drug
withdrawal from the market. Accordingly, more physiological
and translational in vitro models are indispensable for
assessing a drug's hepatotoxicity.®> The liver houses
hepatocytes (drug metabolism via cytochrome P450 enzymes,
albumin and urea production),*®?” stellate cells (collagen
storage and remodeling),®® Kupffer cells (immune
response),®® cholangiocytes (bile duct formation),”® and liver
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sinusoidal endothelial cells (vascular lining).***" Its highly
permeable sinusoidal endothelium enables efficient particle
exchange, crucial for drug clearance and detoxification.***
The liver is generally organized in adjacent lobules (Fig. 1D)
and highly vascularized, thereby providing the cells with

oxygen rates of 0.9 nmol s 107° cells.*?

2.2 From 2D to 3D: different cell types and culturing
techniques in in vitro organ models

In vitro organ models which are of 2D and 3D spatial
arrangement, are composed of various cell types, each with
different functions leading to unique advantages and
disadvantages. While commercial cell lines are easy to
culture, reproducible, and long-lasting, they are often derived
from cancerous tissues.** In turn, primary cells represent
more closely the in vivo phenotype, but have a limited
lifespan, high donor variability, complex culturing conditions
and access is limited through national and international
ethical guidelines to obtain donor tissue. Although induced
pluripotent stem cell (iPSC) technology can be used to
differentiate into various human cellular phenotypes, it
requires complex and labor-intensive differentiation
protocols underlying strict quality control. A key advantage of
iPSCs, however, is their potential to be produced from a
living human as a source of autologous cells for personalized
medical treatments showing higher success rates and fewer
side effects in drug screening.*’

Next to the choice of representative cell types, the cell
culturing methods need to be considered, where often, for
historical reasons and functionality, the implementation of
2D culture protocols is used for high-throughput screening
applications (Fig. 2).*® To investigate tissue interactions while
keeping simplicity and the possibility for high-throughput
sampling, Transwell® systems, a two-reservoir setup
separated by a porous membrane, are employed. By
cultivating cells on the membrane, also considered as 2.5D
cultivation, barrier formation, function and permeability can
be investigated."”*® Advancing from 2.5D cell culture,
scaffolds derived from biological as well as non-biological
materials have been routinely employed over the years to
provide structural support for the cultivation of cells in a 3D
spatial arrangement. Hydrogels, consisting of ECM or of
synthetic origin, have been commonly used to embed cells in
3D, thereby resembling the host tissue more closely.
Advancing from of this manual labor-intense work,
bioprinting applications were developed, where cell-laden
hydrogels are dispensed in a controlled and automated
manner attempting to generate 3D functional human
tissues.*® However, these systems have limitations in relation
to up-scaling, drug adsorption on scaffolds, complex
handling, and batch-to-batch variations of the used
embedding matrix.’° The 3D matrices gave rise to a
promising alternative, derived from pluripotent stem cells
(iPSCs or embryonic stem cells) or primary donor tissues,
namely organoids. These cell constructs are self-organized

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Overview of cell culture models sorted from left to right based on increasing cultivation complexity but enhanced resemblance of tissue

from 2D to microfluidic organ models.

aggregates of a diverse range of differentiated cells and
residual stem cells, resembling organ regions in a functional
and cytoarchitectural manner. In the case of liver and
intestinal organoids, the resemblance is so extensive that
they are histologically indistinguishable from native tissue.*®
These organ models were capable to demonstrate the toxicity
of drugs, that had been FDA-approved but then were
retracted from the market due to complications in patients,
while preclinical models including 2D in vitro studies and
animal studies failed to do so.”® However, generation and
maintenance of organoids are both cost and time-intensive.
Their 3D architecture with a not easily accessible lumen
hinders barrier permeability assays, and reduced nutrient
access of the inner cells often leads to necrotic cores of the
aggregates.”” Furthermore, organoids still mainly model just
one type of tissue and lack vascular, immunological, and
direct connections to other organs, which are the base of the
synergistic human body.>>

Besides the abovementioned advances of these models,
they still lack key factors of the cells' in vivo environment. In
the human body, several cell types, such as endothelial cells
or intestinal epithelial cells, are exposed to fluid flow and
associated mechanical stress, while other cells require
polarization facilitated via nutrient gradients to form in vivo
like tissue structures for example in the cartilage. While these
parameters cannot be addressed in conventional static cell
culture models, microfluidic systems allow the control of the
microenvironment in higher precision. These platforms
incorporate one or several organ models connected through
microchannels or porous membranes under consideration of
mimicking the physiological environment.>® The integration
of chemical and electrical sensors furthermore allows non-
invasive monitoring of parameters such as pH, oxygen,
glucose levels or transepithelial electrical resistance
(TEER).46’53'54

Hereafter, the progress from simple to more advanced
in vitro organ models is summarized based on selected

This journal is © The Royal Society of Chemistry 2025

articles, highlighting drug absorbing and metabolizing
organs. The articles were selected because of their relevance
for pharmacological and toxicological studies.

Intestine in vitro models. The most established and
investigated in vitro intestinal epithelial cell model is the
colon carcinoma cell line Caco-2. These cells are suitable for
studying absorption effects since they have been shown to
spontaneously differentiate under physiological shear stress
into different cell types resembling the cells of the small
intestine. They form a 3D villus structure linked with tight
junctions and express various properties of the human
intestine under dynamic cultivation. In addition, after only
five to seven days of aerobic and dynamic cultivation, the
Caco-2 cells secrete a mucus layer on the apical surface
resembling aspects of the human small intestine barrier,
making them suitable to study ADME effects.”> Other
commonly used cell lines are HT29 and T84, originating, like
the Caco-2 cells, from human colon adenocarcinomas. HT29
cells have been shown to secrete mucins while T84 cells show
high similarities to the Caco-2 cell line and are therefore
often used interchangeably.”®”” Due to the complex geometry
of the intestine, numerous in vitro models implement
scaffolds that are shaped to mimic the 3D in vivo structure of
the intestinal epithelium. Both biological and non-biological
derived scaffolds are applied and shaped in the form of villi.
The success of this method is evidenced by cellular
heterogeneity from the crypt to the villus tip, which mirrors
the cell distribution found in vivo. The use of a collagen-
based scaffold enabled Yi et al. to also investigate absorption
properties with Caco-2 cells, as the collagen alone did not
show any alteration in the diffusion of fluorescent proteins.”®
A further advancement in the direction of 3D cell cultures
presents the use of organoids. Intestinal organoids show
in vivo-like 3D structures and microstructures in the inward
direction and a mucus layer was formed in the lumen. As a
result, the absorptive apical side of the intestinal epithelium
is directed inwards and, therefore, not easily accessible for
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drug testing and barrier permeability experiments.*”**>°
However, dissociation and replating of the organoids leads to
the development of an intestinal monolayer barrier model
from patient-derived cells.®® In the small intestine, the cells
are exposed to peristaltic fluid flow and this mechanical
strain was shown to have an impact on the genetic profile of
the cells in vitro, which could be successfully mimicked in
fluidic cell culture in microfluidic systems.®® For instance,
Kasendra et al. developed a dynamic gut-on-a-chip model
with dissociated cells from patient-derived organoids,
resulting in a 2.5D epithelium exhibiting in vivo-like
characteristics on physiological, phenotypical as well as on
gene and protein expression levels.®” A more detailed
overview of small intestinal in vitro models can be found in
the review of Jung and Kim*” as well as by Fedi et al.,**
put an additional focus on ADME studies.

Lung in vitro models. The development of in vitro models
of the lung is very challenging due to the varying architecture
of the lung e.g. bronchiolar and alveolar regions require
different distinct cell types. The majority of lung in vitro
models that are currently available are based on
immortalized or cancer-derived epithelial cells. A
comprehensive discussion of pros and cons of the various
cell options can be found in the review provided by Rothen-
Rutishauser et al.®® Overall, one of the most used cell lines to
model the bronchial and the alveolar epithelium are the
Calu-3 and A549 cell lines, respectively.”>®* In order to
induce epithelial differentiation, cells are commonly
cultivated on a porous membrane with an air-liquid interface
(ALI) to mimic the physiological environment, triggering the
cells to secrete either mucus or surfactant.>® Culturing Calu-3
cells at an ALI creates a human pulmonary barrier model
with a pseudostratified layer, enhanced ciliogenesis, tight
junctions and TEER values, suitable for drug permeability
studies.>®®> The alveolar cell line A549 is extensively used to
study the toxicity of drugs since this cell line is able to
produce surfactants, secrete cytokines, and transport
substances like AT-II cells in vivo, despite only forming a
leaky barrier due to fragmented tight junctions.>>®® While
most of these cell lines fail to achieve full epithelial
differentiation, primary airway epithelial cells are able to
differentiate fully, but culturing these cells remains a
challenge, due to their tendency to dedifferentiate.®”
However, ALI culture extends the differentiation period for
human bronchial epithelial cells®® and results in a
transcriptional profile®® and mucociliary cell layer that closely
mimics in vivo conditions, making them a promising tool for
ADME studies.”®

Interestingly, comparative analysis of MucilAir™, a
commercially available ALI culture using primary -cells,
demonstrated that those primary cultures were more resilient
to toxins compared to lung cell lines.”* Likewise, EpiAirway™
was observed to be more resilient than A549 cells.”> These
commercial models can additionally be utilized in preliminary
drug discovery research, and toxicity screening.”® However,
although ALI cultures are reproducible in vitro systems, they

who
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lack the 3D structure, the flow dynamics, and the mechanical
stretch of the human lung. By combining ALI with a dynamic
culture condition, including fluid flow and mechanical stretch,
lung-on-chip systems overcome these limitations, creating
models that better replicate features of the human lung.”* The
first lung-on-chip model was developed by Huh et al,
stimulating natural breathing by applying a vacuum to the side
chambers, which are separated by a thin wall from the cell-
containing microchannels and cause mechanical stretching of
the PDMS membrane.”® This model was later applied to mimic
the drug-induced pulmonary edema found in cancer patients.
The study found that while increased barrier permeability
emerged with IL-2 exposure alone, it was significantly
enhanced when IL-2 exposure was combined with mechanical
stretching to simulate physiological breathing movements.
Performing a drug study, potential new therapies were
identified by demonstrating that angiopoietin-1 and transient
receptor potential vanilloid 4 restored barrier function.”®
However, these investigations are limited by the use of the
cancer cell line NCI-H441. Advancements to those “first-
generation” lung-on-chip models have been made by replacing
conventional ~membranes with  stretchable biological
membranes”” or hydrogels’® or by using more physiological
cyclic stretch instead of unidirectional stretching.”® Detailed
information about the application of lung models for drug and
toxicity screenings can be found in the review of Moreira
et al.®® Lastly, iPSCs advance lung-on-a-chip models, however,
they have not yet been applied for drug screenings in
microfluidic systems.®

Skin in vitro models. In general, in vitro skin models
encompass cells cultured on permeable substrates that allow
cultivation at the ALI for epidermis differentiation and drug
permeation measurements across the skin barrier. Thereby,
the models can be categorized according to the portrayed
layers: Reconstructed human epidermis models (RHE) solely
constitute the epidermis, full thickness skin models the
epidermis and dermis layer, and three-layered models
additionally include the subcutis.**** Cell types for RHE
models are patient-derived primary normal human epidermal
keratinocytes and as immortalized alternatives N/TERT or
HaCaT cells.®” Cells are cultivated on permeable substrates
for three to seven days as a submerged culture before
exposing the tissue to the ALI and promote keratinization
with stratum corneum formation in calcium enriched
medium.®*#¢%8  Full-thickness models usually comprise
primary or immortalized normal human dermal fibroblasts
in a collagen type I hydrogel with keratinocytes seeded on
top of the gel, followed by the differentiation at the ALL®?
Three-layered models additionally include adipose-derived
stem cells or mature adipocytes embedded in a 3D matrix
such as fibrin or collagen as a basis for the dermal and
epidermal layers.®™*

With a wide range of commercially available models such
as EpiSkin™, EpiDerm™, SkinEthic™ and KeraSkin™, RHE
are the most used in vitro skin models for drug testing and
still the only approved model for skin irritation testing by the

This journal is © The Royal Society of Chemistry 2025
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Organization for Economic Co-operation and Development
(OECD).”>%* Schiifer-Korting et al conducted a validation
study regarding the absorption of nine compounds including
the drugs clotrimazole and digoxin with SkinEthic™,
EpiSkin™ and EpiDerm™ in comparison to excised human
and pig skin showing the feasibility of RHE models for skin
penetration studies despite a higher barrier permeability.*?
To demonstrate the physiological skin barrier and crosstalk
between the skin layers more accurately, open-source or
commercial full-thickness models like Phenion® (Henkel)
have been applied for permeation studies with hydrophilic
and lipophilic compounds such as caffeine and
testosterone.®®* Schmidt et al. developed an advanced three-
layered in vitro skin model with isolated mature adipocytes
preventing the dermal-mediated contraction of the epidermis
by using a filter membrane as an artificial basal layer. The
model was able to distinguish between heptanal and
2-propanol as irritating and non-irritating agents with a
correlating cytokine expression.’”®®

Regarding transdermal drug delivery and absorption, it is
critical to incorporate vascularization and perfusion into
in vitro skin models as drugs are distributed mainly over the
capillaries in the dermis.”®®” For this reason, skin-on-a-chip
models have emerged in recent years that allow for dynamic
cultivation of in vitro models or ex vivo skin biopsies.”® Atac
et al. demonstrated the positive influence of shear stress by
prolonged cultivation times of EpiDermFT™ and ex vivo skin
on their microfluidic platform including two circuits with
micropumps and wells for incorporating permeable inserts.”®
Multiple PDMS-based pumpless microfluidic devices for drug
testing have been established that incorporate patient-
derived full-thickness skin models and were tested through
doxorubicin exposure or antioxidant o-lipoic acid with regard
to skin barrier integrity.'®®'® The importance for
vascularization in drug screening was shown by Salameh
et al., developing a full-thickness perfusable skin model that
was vascularized with HUVEC cells and additional
microvascularization by self-assembly of HUVEC cells in the
same layer. This model has shown improved barrier
performance compared to commercial RHE models and has
been tested for topical and systemic application of caffeine,
minoxidil and benzo-a-pyrene.®” iPSC-derived skin models
are considered as a promising tool, but due to their laborious
culture conditions they have not been applied for drug
screening yet.'*>

Liver in vitro models. The prerequisites for hepatic drug
metabolism and excretion are a well-polarized hepatocyte
morphology, as well as the exhibition of distinct cell
membrane domains for the xenobiotic uptake.'®*'** 2D
cultivated human primary hepatocytes are a common in vitro
model for drug testing, however, limitations include de-
differentiation of hepatocytes, reduced CYP450 enzyme
activity, low-density cultivation conditions, and incorrect cell
differentiation.’® In contrast, the ease of availability and
cultivation of cell lines, such as HepGR or HepG2/C3A, lead
to a broad applicability in drug testing studies.’®® While
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HepG2/C3A show good hepatic characteristics such as
albumin secretion, variability in the expression of CYP450
reduces the potential for comprehensive drug testing. In
contrast, HepGR show high expression of drug metabolizing
enzymes but need long culture processes and require DMSO
for differentiation.’® Primary hepatic spheroids generate
essential molecules such as urea and albumin and show
long-term viability. Moreover, the cells exhibit a polarized
morphology and functional bile ducts can be observed inside
the spheroids. The spheroidal co-cultivation of hepatocytes
with non-parenchymal cells, including stellate cells, Kupffer
cells, and biliary cells, further supports the long-term
viability.'**'%* However, necrotic core formation within the
spheroid because of low oxygen diffusion limits the
applicability of spheroids.’® To control gradients and fluid
flow, organ-on-a-chips are promising platforms, enabling the
emulation of the physiological environment more closely. In
addition, the integration of sensors enables time-resolved
monitoring, as an example, Yang et al. connected a liver-on-a-
chip platform - a perfusion chip with hepatocytes embedded
in collagen - with a downstream sensing module for non-
invasive measurements of albumin and GST-a by utilizing a
label-free photonic crystal-total internal reflection biosensor.
Thereby, the changes of albumin and GST-a secretion as a
response to doxorubicin exposure could be monitored
continuously.'”” Wang et al. used a perfusable chip system to
generate liver organoids from human iPSCs (hiPSCs),
demonstrating a long-term culture (30 days) with cellular
heterogeneity. Perfusion was compared to static cultivation,
showing enhanced expression of endodermal (FOXA2,
SOX17), hepatocyte (ALB), and CYP450 markers, as well as
urea and albumin secretion, underlining the generation of
characteristic liver functions. The ability for studying drug-
induced hepatoxicity was shown by exposing the liver
organoids to different concentrations of acetaminophen,
resulting in a dose- and time-dependent reduction of
viability.'*® In another study, the commercially available liver-
chip, a membrane-based chip with hepatocytes in the upper
channel and liver sinusoidal endothelial, Kupffer, and stellate
cells in the lower channel, was tested with 27 hepatotoxic
and non-toxic drugs. Compared to 3D spheroid cultivation of
hepatocytes, the sensitivity could be improved from 47% to
87% when wusing the heterocellular liver-chip, while
specificity was 100% for both models. This study
demonstrated the capabilities of chip models for better
predictive drug studies, underlining the potential of reducing
time and costs for the pharmaceutical industry.'® Bircsak
et al. evaluated high-throughput drug screening with the
commercially available OrganoPlate® in the format of a 96-
well plate with automated liquid handling, consisting of a
parallel 2-channel system with endothelial and differentiated
THP-1 (to Kupffer-like cells) in a channel next to hepatocytes
from differentiated iPSC. The platform was used for the
screening of 159 compounds to investigate hepatotoxicity
and dose-response testing of 21 compounds by analysing
viability and albumin secretion."’® A comprehensive overview
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of recent developments in liver-on-a-chip systems is provided
by Moradi et al.*"*

3 Microfluidic dual-and multi-organ
studies for drug testing

Some drugs are specifically activated through metabolism in
a non-target tissue (e.g. the liver) to be effective when
reaching the target organ, or contrastingly, are inactivated by
other organs. Consequently, single organ studies are not
representative for studying ADME processes and might lead
to false conclusions about drug candidates in
pharmacological ~studies."*>'** Therefore, to investigate
potential off-target toxicity of drugs and their metabolites,
MPS incorporating several organ models have been
developed.'™ In this chapter, dual-organ systems including
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liver and an absorption organ will be described and
summarized (Table 1), to give an overview of existing models
representing absorption and drug metabolism in the liver.
After that, the importance and advances of off-target toxicity
models are highlighted, based on recent developments
utilizing multi-organ chips. Finally, unmet needs are
summarized, directing a potential path towards broad
applicability of multi-organ MPS in drug development.

3.1 Combined absorption and metabolism studies

Liver-intestine. The GIT is one of the main players in drug
absorption, especially when the drug is administered
orally."”* The intestine communicates directly with the liver
since 70% of the blood comes from the intestine and
metabolites are exchanged via venous flow."”> Many
microfluidic systems incorporating the intestine and the liver

Table 1 Overview of dual-organ models comprising of a liver and absorption organ model (gut, skin, lung) for drug studies. MoDC: primary human
monocyte-derived dendritic cells; PHH: primary human hepatocytes; PRH: primary rat hepatocytes; KCs: kupffer cells; NPC: non-parenchymal cells;
HHSteC: human primary hepatic stellate cells; skin explant: human juvenile prepuce skin explant; nHEK: normal human keratinocytes; hiPSC HEPs:
human induced pluripotent stem cell-derived hepatocyte-like cells; HDMEC: human dermal microvascular endothelial cells; NHBE: normal human
bronchial epithelial; PMDS: polydimethylsiloxane; PEEK: polyetheretherketone; PMMA: poly(methyl methacrylate); PC: polycarbonate; PEI:
polyetherimide; PSU: polysulfone; PFPE: perfluorpolyether; PBT: polybutylene terephthalate

Organ

models Cell type(s) Complexity Material Modularity Drug Ref.

Liver-gut  Caco-2-BBE, HT29-MTX, MoDC 2.5D PSU + Diclofenac, Tsamandouras
PHH, KCs 3D hydrocortisone et al'®
Caco2 2.5D PDMS — Phenacetin Bricks et al.'*®
HepG2 2D
Caco-2, HepG2, PHH/PRH 2.5D PC, PDMS + Paracetamol Prot et al.**’
Caco-2 2.5D Veroclear polymer + — Esch et al.'*®
PHH, NPC 3D
Caco-2 2.5D PFPE — Midazolam Wang et al.'"’
PHH 2D
Caco-2, HT29 2.5D — — Mycophenolate mofetil/ Milani et al.'™
PHH 3D mycophenolic acid
Caco-2, HepaRG, HUVEC 2.5D PBT — Irinotecan Lucchetti et al.**?
THP-1 2D

Liver-skin  Skin explant 2.5D PDMS, PC, glass + Troglitazone Wagner et al.'*°
HepaRG, HHSteC 3D (HUMIMIC Chip2)
Skin explant 2.5D Troglitazone Maschmeyer
HepaRG, HHSteC 3D et al.'*
HDMEC 2D
Primary nHEK, nHDF 2.5D Terbinafine Tavares et al.'*
HepaRG, HHSteC 3D
EpiDerm™ 2.5D Permethrin, hyperforin Kiihnl et al.">®
HepaRG, HHSteC 3D
PhenionFT™, SkinEthic™ 2.5D 4-Amino-2-hydroxytoluene ~Brandmair
HepaRG, HHSteC 3D et al.'*
EpiDerm™ 2.5D Genistein Tao et al.'*®
HepaRG, HHSteC 3D
nHEK 3D PDMS, glass — Tretinoin, acetaminophen, Lee et al.'*®
hiPSC HEPs 3D camphor

Liver-lung MucilAir™ 2.5D PDMS, PC, glass + Aflatoxin B1 Schimek et al.**’
HepaRG 3D (HUMIMICChip3plus)
NHBE 2.5D PEEK + Aflatoxin B1 Bovard et al.'*®
HepaRG 3D
A549 2.5D PMMA, PC + Curcumin Miller et al.**°
HepG2 C3A, MDA-MB-231 3D
HepG2, A549 2D PDMS — Irinotecan Shinha et al."*°
PHH, KCs 3D PEI, Kapton® + — Coppeta et al."*'
NHBE 2.5D polyimide
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are similar in structure, trying to recapitulate the absorption
route in vivo, thereby, the intestinal part is cultured apically
on a membrane, and the basolateral part is linked by flow to
the hepatic culture.'”®*'®'*® This design approach was also
followed by Tsamandouras et al. in an automated device,
where fluid flow was generated by peristaltic pumps that
supplied the intestinal tissue and, thereafter, the hepatic
chamber. The system included two further chambers,
offering the possibility to add two more organs of interest.
Polysulfone was chosen as the device's material as it shows
minimal drug adsorption properties. Thereby,
pharmacokinetics of diclofenac and hydrocortisone could be
studied.""® Bricks et al. showed with an intestine-liver model
that dynamic cultivation of HepG2 C3A upregulates CYP1A
activity, resulting in an increased metabolization of
phenacetin, a painkiller and fever-reducing drug, that is
transported through the intestinal barrier to the liver
compartment.'** A platform for the co-culture of a gut and
liver model with two circuits (apical and basal) was developed
by Prot et al. to study the metabolism of paracetamol and
establish a mathematical model for in vitro estimations and
in vivo predictions."®* Esch et al. developed a modular
pumpless platform for a co-culture of the intestine and liver
tissue with a gravity-based unidirectional flow, demonstrating
a functional barrier of the intestine, through TEER
measurements with integrated electrodes, as
metabolically active hepatocytes, indicating possible usage
for drug screening applications.™*> Recently, Wang et al. were
able to investigate oral bioavailability and the first-pass
effect, which describes the metabolization of an orally
administered drug during its first passage through the liver
after absorption in the GIT. This effect can lower the systemic
availability of the active substance at the site of action, which
has a significant impact on the medication's efficacy.
Therefore, a gut-liver-on-a-chip device was developed and
fabricated from perfluoropolyether as it was shown to have
reduced drug absorption properties. The three-channel
design enabled drug transport to the liver (primary human
hepatocytes) after penetrating the intestinal epithelial layer
(Caco-2)."™ The prodrug mycophenolate mofetil is
metabolized through both the gut and liver. Milani et al. used
this mechanism to evaluate their gut-liver organ-on-a-chip
device. The design of the Physiomimix® gut-liver-on-a-chip,
which is commercially available from CN-Bio, connects the
basolateral part of the gut chamber with the liver chamber
through controlled media spillover.""* Lucchetti et al
combined their previously developed microbiome-gut-on-chip
platform with a liver-on-chip to investigate the gut-liver axis.
With this, they delved into the topic of the influence of the
intestinal microbiome on drug metabolism which has been
brought to focus in recent years.""?

Liver-lung. Similar to the liver-intestine model of
Maschmeyer et al."*® described above, Schimek et al. developed
a liver-lung model with integrated medium and air exchange
to study the effect of inhaled substances. Here, bronchial
MucilAir in ALI culture and liver spheroids (HepaRG) were

well as
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cultured in the commercial Chip3plus membrane-based
microfluidic device.'”” A comparable method was used by
Bovard et al. with normal human bronchial epithelial cells and
HepaRG liver spheroids.”®® Both studies showed that the
presence of HepaRG spheroid culture was able to reduce the
toxicity of aflatoxin B1, highlighting the importance of
including the metabolic capabilities of liver tissue to fully
assess the toxicity profile of inhaled substances. Moreover,
Miller et al. developed a lung-liver-breast cancer on chip using
A549, HepG2 C3A and MDA-MB-231. The design revealed that
curcumin treatment reduced the viability of breast cancer cells
compared to the control. Notably, within the microfluidic
device, inhalation therapy resulted in a more substantial
decrease in MDA-MB-231 cell viability than intravenous
therapy.'*® Shinha et al. studied a liver-lung cancer chip model
to evaluate its effectiveness for pharmacokinetic and
pharmacodynamic (PK/PD) models by applying an anticancer
prodrug (CPT-11) and investigating the inhibitory effect of
simvastatin and ritonavir afterwards. Experimental results from
the chip were compared with a PK/PD model, demonstrating
its similarity."*® To precisely control and automate the
cultivation of a multi-organ platform, Coppeta et al. developed
a programmable platform for dynamic perfusion and crosstalk
consisting of 62 actuators and 20 micropumps. The platform'’s
feasibility was demonstrated by the co-cultivation of a liver-
lung model for 14 days, however, the platform has not yet
found application in a drug study."*"

Liver-skin. Skin models are primarily used to evaluate
cosmetic ingredients and topically applied sensitizers for their
irritant and toxic properties.”>'** Few models have been
developed that solely focus on the combination of liver and
skin tissues outside of multi-organ chip approaches. However,
Wagner et al. created a co-culture system including liver
spheroids assembled of HepaRG and human hepatic stellate
cells and a skin biopsy maintained on 96-well Transwell®
inserts for ALI cultivation. Herein, after exposure to the
hepatotoxic drug troglitazone, elevated mRNA and protein
expression of CYP450 was determined, indicating the drug's
toxicity."*” To recapitulate the physiological environment more
closely, primary human epidermal microvascularization cells
cultivated in the microchannels, mimicking
vascularization."* Further improvements resulted in a
commercialized two-organ model system, the HUMIMIC
Chip2™® (TissUse), applied for several topical and systemic
drug studies with in vitro skin models. For instance, the topical
and systemic exposure to antifungal drug terbinafine was
investigated with a reconstructed full thickness skin model'**
and the pharmacokinetic and metabolic activity of anti-lice
drug permethrin as well as herbal hyperforin was evaluated for
topical application with EpiDerm™.'** Furthermore, recent
studies with full-thickness and epidermal models accurately
portrayed the met