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ABSTRACT

Microphysiological systems (MPSs), also known as organ-on-chip or disease-on-chip, have recently emerged to reconstitute the in vivo cellu-
lar microenvironment of various organs and diseases on in vitro platforms. These microfluidics-based platforms are developed to provide
reliable drug discovery and regulatory evaluation testbeds. Despite recent emergences and advances of various MPS platforms, their adop-
tion of drug discovery and evaluation processes still lags. This delay is mainly due to a lack of rigorous standards with reproducibility and
reliability, and practical difficulties to be adopted in pharmaceutical research and industry settings. This review discusses the current and
potential use of MPS platforms in drug discovery processes while considering the context of several key steps during drug discovery pro-
cesses, including target identification and validation, preclinical evaluation, and clinical trials. Opportunities and challenges are also dis-
cussed for the broader dissemination and adoption of MPSs in various drug discovery and regulatory evaluation steps. Addressing these
challenges will transform long and expensive drug discovery and evaluation processes into more efficient discovery, screening, and approval

of innovative drugs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179444

INTRODUCTION

Microphysiological systems (MPSs), also known as organs-on-
chips or disease-on-chips, are microfluidics cell culture platforms
that aim to replicate physiology and pathology to study diseases and
discover new drugs. These systems combine microsystems engineer-
ing, microfluidics, and cell biology to create three-dimensional,
multi-cellular models with fluid flow, mechanical cues, and tissue-
tissue interfaces. MPS platforms have gained attention for their
potential to improve drug development by providing more accurate
representations of human organ functions compared to traditional
cell culture models or animal testing. In drug discovery, clinical drug
development has a high failure rate of up to 90%, likely due to over-
looked aspects in target validation and drug optimization."”
Conventional models used in drug development often fail to accu-
rately predict human-specific physiological features and toxicities,
leading to significant challenges in translational success.” With rea-
sonable controllability in developing the system for drug discovery/

drug evaluation, MPSs can be a useful alternative to conventional
cell culture or animal models.” MPS platforms to recapitulate the
complex features in tissue microenvironment aim to eventually
replace animal testing with more human-physiologically relevant
models, contributing to drug discovery.

Recent studies have made significant advancements in the
development of various MPS models, demonstrating their ability to
replicate the complexity of microphysiology. These innovative
models combine microsystems engineering, microfluidics, and cell
biology, going beyond providing a simple 3D cell culture environ-
ment. MPS technology has opened avenues for increased efficiency,
sensitivity, and throughput in developing advanced in vitro 3D
culture models.””” Furthermore, MPSs now allow the faithful repro-
duction of tissue heterogeneity, encompassing crucial cell-to-cell
interactions, such as intratumoral heterogeneity,g tumor-stroma
interactions,” and interactions between tumor cells and immune
cells or endothelial cells.'”'" MPS platforms have also successfully
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recapitulated the complex functional features of specific organs. For
instance, liver-on-chip models have been devised to simulate liver
functions, incorporating oxygen tension variations in the liver sinu-
soids in drug metabolism.'>"’ Similarly, kidney-on-chip models
have been engineered to replicate the intricate filtration and reab-
sorption functions of the kidneys,m’15 These advancements have
paved the way for more physiologically relevant in vitro models
that hold great promise for advancing drug discovery and under-
standing disease biology.

Despite the recent emergence and advancement of MPS plat-
forms, their integration into drug discovery and evaluation pro-
cesses still remains significantly limited. The primary reasons for
the hesitation arise from the lack of well-defined standards for
reproducibility and reliability, as well as the difficulties in adapting
the platforms to pharmaceutical research and industrial applica-
tions. Drug discovery is a multifaceted and multi-stage process
with the primary goal of identifying and validating potential drug
targets for treating diseases and medical conditions. The drug dis-
covery pipeline typically comprises several key stages, including
target identification and validation, hit generation, hit-to-lead opti-
mization, preclinical testing, and clinical trials, requiring interdisci-
plinary collaboration among scientists, pharmacologists, chemists,
and clinicians, as well as significant financial investment and
adherence to stringent regulatory guidelines."”

The recent decision by the US. Food and Drug
Administration (FDA) to eliminate the requirement for animal data
in preclinical drug evaluation has paved the way for exciting oppor-
tunities in the field of drug discovery and evaluation using
microfluidics-based technology.'® The key to realizing these possi-
bilities lies in the widespread adoption of this approach. This
review aims to discuss the importance and application of MPSs in
drug discovery, focusing on key stages of drug discovery including
target identification and validation, preclinical evaluation, and clin-
ical trials. Specifically, we provide perspectives on the context of use
for various MPSs in the field of drug discovery, articulating the
drug evaluations with MPSs in model description, available out-
comes, and the purpose of the tool. The discussion is further
extended to the opportunities that MPSs present as well as the chal-
lenges that need to be addressed to promote the widespread adop-
tion of these systems in drug development and regulatory
evaluation. By incorporating MPSs into these stages, drug discovery
can benefit from enhanced predictive capabilities and a more accu-
rate representation of human physiology, potentially leading to
more efficient screening and the successful translation of the pre-
clinical study to clinical study. The wider adoption of MPSs in the
pharmaceutical industry and regulatory agencies requires rigorous
validation and acceptance. Demonstrating the predictive accuracy
and reproducibility of MPS data in comparison to traditional
models and human clinical outcomes is essential for gaining regu-
latory approval and industry acceptance.

Context of use of MPS in drug discovery

The design paradigm of many MPS platforms has been the
recapitulation of the in vivo microenvironment and pathophysiol-
ogy of diseases. However, this design paradigm needs to be
changed considering the context of essential steps in drug discovery
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pipeline. These contexts include “Target identification and valida-
tion,” “Preclinical evaluation,” and “Clinical trials.” During the first
stage, known as target discovery, in vitro research is performed to
identify targets involved in specific diseases. MPSs provide a better
replication of the human environment than the conventional in
vitro platforms, allowing to investigate and evaluate the identified
targets with mechanistic study, high-throughput screening,
hit-to-lead, and lead optimization (Fig. 1). Typically, a target con-
stitutes a molecule essential for gene regulation or intracellular sig-
naling, encompassing entities like nucleic acid sequences or
proteins. In order to decide on which target to focus research
efforts, one needs to ensure that the molecule is druggable—that its
activity can be modulated by an exogenous compound.'” The iden-
tified targets, then, should be validated in lead compound identifi-
cation and lead optimization. The lead compound identification is
the process of identifying or creating a compound that can interact
with the target selected. This can be repurposing existing com-
pounds or synthesizing new ones. Lead optimization is the refine-
ment of compounds for efficacy, safety and minimum off-target
binding. Also, optimal dosage and delivery routes should be tested.
The MPS can be facilitated to prepare new chemical entity (NCE)
contributing the target identification and validation for FDA drug
approval application. The identified targets then are evaluated in
various aspects.

The utilization of MPS platforms enables the recognition of
pharmacokinetics and pharmacodynamics (PKPD), safety assess-
ment, and the efficacy of drugs in preclinical assessments.'™"”
These evaluations aim to determine the optimal dosage, delivery
routes, and drug actions following administration. PKPD studies
play a crucial role in addressing optimal dosage and delivery routes.
Additionally, the assessment of drug-induced toxic effects on meta-
bolic organs, such as the liver and kidneys, which are essential for
drug metabolism and elimination, aids in screening potentially
toxic drugs and identifying potential side effects. The outcomes
obtained from preclinical studies can be considered during the
Investigational New Drug (IND) application process.

In addition to preclinical studies, MPSs can significantly con-
tribute to enhancing and supporting clinical trials by assisting in
safety assessments, dose determination (phase I), evaluating efficacy,
and identifying potential side effects.”’ Ultimately, the successful
completion of phase III, coupled with efficient decision-making pro-
cesses aided by MPSs, can lead to the preparation of a New Drug
Application (NDA).

MPS as disease models for target identification and
drug efficacy evaluation

Disease-on-a-chip is a type of MPS system being developed as
a tool to model and study complex and heterogeneous features of
diseases such as cancer. Disease MPS platforms can help to create a
controlled pathological environment that mimics the tissue micro-
environment of the disease, contributing to the discovery of thera-
peutic targets and disease-specific markers, which is a crucial
drawback of using traditional 2D cell culture models.”' ™ In tech-
nological routes, advances in microfluidics and micro-scale engi-
neering have significantly propelled the evolution of MPS
technology. MPS models have expanded beyond their initial focus
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FIG. 1. Application of MPS platforms in drug discovery steps. Created with BioRender.com.

on showcasing 3D culture through microscale fluidic physics to
include intricate biological elements at an organ level. This progress
has been facilitated by a range of technical advancements, encom-
passing the development of multi-channel systems, integration of
porous membranes, and innovations in fabrication techniques such
as soft lithography, additive manufacturing, and thermal press
methods.”* " More recently, MPSs have embraced sophisticated
molecular and cellular biology techniques integrating intricate bio-
logical structures and diverse interactions among multiple cells and
their environments.” In intricating the systems, enhancing MPS
technology through modular systems, open microfluidics, and wall-
less platforms, signifying a pursuit of improved capabilities and
functionalities within MPS technology.*

MPS systems have exhibited a broad spectrum of diseases,
including cancer, inflammation, fibrosis, type II diabetes, and many
mores.'>** The disease MPS systems have been engineered to
replicate specific disease conditions faithfully. For instance, a gut
inflammation on-a-chip model was developed simulating intestinal
barrier dysfunction,”® while also organ-specific fibrotic transitions

were demonstrated in MPSs for fibrosis diseases.”"**

Demonstrating functional crosstalk between organs has been a
pivotal aspect in diseases such as type II diabetes. To emulate this,
researchers from TissUse and AstraZeneca integrated human pan-
creatic islets with liver spheroids in two-organ chips, effectively
modeling type II diabetes. The study showcased sustained organ
crosstalk for 15 days, mimicking the gold standard intravenous
glucose tolerance test utilized to evaluate insulin secretion and
glucose elimination in humans. Furthermore, it has the potential to
develop personalized medicine for various disease stages, as it
enables the incorporation of patient-specific cell sources and envi-
ronments into the system. This integration also leads to improved
prediction of drug efficacy during preclinical studies.

Although various disease MPS platforms have been proposed
and developed, MPS systems has made most significant advances
in modeling tumors which needs reliable but innovative models to
recapitulate intricate, heterogenous, and desmoplastic tumor micro-
environment (TME) (Fig. 2). They enable systematic investigation
of the complex architecture in the tumor microenvironment
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FIG. 2. Disease MPS models developed to evaluate the drug efficacy. (a) Upscaled multi-well arrays of integrated spheroid culture and microfluidic systems have
enhanced throughput, while preserving uniform spheroid formation, cytotoxicity assessment, and molecular analysis. Adapted with permission from Liu et al., Anal. Chem.
87(19), 9752-9760 (2015). Copyright 2015 American Chemical Society. (b) MPS models of 3D cell culture and self-assembled microvascular networks to replicate organ-
specific tissue architectures and enable drug efficacy testing. Adapted with permission from Paek ef al., ACS Nano 13(7), 7627-7643 (2019). Copyright 2019 American
Chemical Society. (c) In vitro orthotopic lung MPS chip recapitulating organ microenvironment-specific tumor responses. Reproduced with permission from Hassell et al.,
Cell Rep. 21(2), 508-516 (2017). Copyright 2017 Elsevier. (d) A tumor-stroma MPS model recapitulating tumor-CAF interaction within the pancreatic tumor microenviron-
ment was facilitated for the assessment of anti-cancer drug efficacy. Adapted with permission from Gampala et al., J. Exp. Clin. Cancer Res. 40(1), 251 (2021). Copyright
2021 Author(s), licensed under a Creative Commons Aftribution 4.0 International License. (e) A human microvasculature network within an MPS model was engineered to
study the impact of anti-tumor T-cell activity in response to interactions with tumor angiogenesis. Adapted with permission from Kim et al., Nat. Commun. 14(1), 2122
(2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution 4.0 International License.

Biomicrofluidics 17, 061504 (2023); doi: 10.1063/5.0179444 17, 061504-4
Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/bmf

Biomicrofluidics

(TME) and provide insights into the mechanisms underlying drug
resistance and metastasis in cancer.”’** With their improved rep-
resentation of human tumor tissue, MPS systems can serve as a
comprehensive testbed for drug efficacy evaluation.”””® Indeed,
cancer is a complex and heterogeneous disease giving high attrition
in drug development. The difficulty in defeating invasive cancers,
desmoplastic tumor microenvironment, and tumor heterogeneity
pose challenges in cancer research. There are various subtypes of
cancers that can be identified based on their molecular and genetic
characteristics. For instance, breast cancers have been categorized
as four subtypes: luminal A, luminal B, HER2-enriched, and triple
negative breast cancers (TNBCs).”’’ Unfortunately, TNBC is a
heterogeneous disease itself, consisting of multiple entities with dis-
tinct histopathological, transcriptomic, and genomic features,"’
leading to challenges in finding appropriate drugs or drug combi-
nations for individuals with TNBC."'~" In addition to the disease-
level complexity with the highly heterogeneous cancer cell popula-
tions, the desmoplastic stroma components in tumor microenvi-
ronment (TME) are multifaceted and can influence the growth,
invasion, and drug sensitivity of tumor cells. The stromal tissue,
which is a complex environment that stores numerous growth
factors and cytokines, can greatly impact tumor growth and drug
response. Various stromal cells, including cancer-associated fibro-
blasts (CAF), as well as diverse immune and inflammatory cell
types, are present in the associated stroma along with rich extracel-
lular matrix (ECM) components like type I collagen, hyaluronan
acid, fibronectin, and fibrin.***" For certain types of cancer, such
as pancreatic and prostate cancer, this stroma can constitute up to
90% of the overall tumor volume.””™*’ The densely packed stromal
tissue can greatly impact tumor growth and drug response, occur-
ring hypoxia and abnormal tumor vasculature. Thus, tumor MPS
capable of recapitulating the complex features of TME is crucial to
better model the human system, understand physiological pro-
cesses, facilitate the targeting of drug discovery, and provide a faith-
ful replication of physiological condition for drug transport.

The focus of tumor MPS has primarily been on replicating the
complex culture conditions which has impeded the successful pre-
diction of developing anticancer drugs. Instead of using a simple
2D monolayer cell culture, the adoption of 3D culture models has
become necessary, as it is now recognized that cellular behaviors
vary significantly based on the culture conditions. In this regard,
the multicellular spheroid models have provided better 3D model-
ing compared to 2D monolayer assays, showing advantages in
detecting drug resistance for better prediction in drug effi-
cacy.”*"! Beyond the spheroid, microfluidic techniques have also
been employed by enabling spheroid production with increased
efficiency, sensitivity, and throughput.””°>** By scaling up the
multi-well arrays of the spheroid culture integrated with microflui-
dic systems, the throughput was improved while maintaining con-
sistent spheroid formation, cytotoxicity assay, and signaling
pathway analysis [Fig. 2(a)].

While the spheroid model offers improved representation of
culture conditions in 3D, it falls short in presenting the complex
and heterogeneous microenvironment that significantly impacts
tumor progression and metastasis. Intricate interactions between
cells and their microenvironment, including the extracellular
matrix, various cell types, and fluidic conditions, have been

REVIEW pubs.aip.org/aip/bmf

recognized as crucial factors in inducing drug resistance and
disease progression. To enhance comprehension of the complex
interactions between cells and the microenvironment, MPSs has
been developed in increasing the complexity of the 3D culture
model.” This advancement allows for a better representation of the
interactions between cells and their microenvironment, enabling
the identification of effective drug targets, and more accurate evalu-
ation of drug efficacy using the disease models.”>*>™>’

Recently, there has been a considerable focus on the role of
heterogeneous cell interactions in the tumor microenvironment,
which not only influence drug responses but also play crucial roles
in pathological processes.”**" For example, the role of intratumoral
heterogeneity in inducing drug resistance has been acknowledged
across different cancer types including pancreatic cancer.®>*™*
Building on this perspective, the dynamics of tumor-tumor interac-
tions were effectively illustrated within a tumor MPS model, which
integrated cell lines sourced from genetically engineered mouse
models (GEMMs) of pancreatic cancer.” In this research, meticu-
lous selection of the GEMM-driven cells was employed to regulate
genotypic and phenotypic heterogeneity. This approach unveiled
the impact of cellular interactions between various cell types on
gemcitabine resistance, providing valuable insights into the mecha-
nisms underlying drug resistance.

In addition to intratumoral heterogeneity, tumors actively
engage with diverse cell types within their microenvironment,
including endothelial cells. To enhance the replication of tumor
vasculature and facilitate drug delivery studies, the adoption of
tumor angiogenesis-on-chip models has been widely adopted.””™*
For instance, the work by Paek et al’” developed an engineered
vasculature beds incorporating with tumor spheroids to use it for
drug screening. This concept was successfully validated using
Paclitaxel in the context of lung cancer [Fig. 2(b)]. Moreover, the
potential of RNAi-based nanomedicine has been assessed using the
MPS platform, highlighting interactions between tumor spheroids
and endothelial cells.”” The research conducted by the Ingber
group”” has revealed intricate interactions between endothelium,
epithelium, and tumors for lung tumor growth. The platform was
employed to replicate physiological conditions for assessing drug
effectiveness and identifying drug resistance [Fig. 2(c)].

Extensive research has been conducted on tumor-stroma
interactions, wherein the stroma transforms into a desmoplastic
environment comprising cancer-associated fibroblasts (CAFs) and
immune cells that support tumor progression and metastasis.”*™"’
Among the stromal cells, CAFs have been recognized for playing
either supportive or suppressive roles in tumor progression. Recent
advances in single-cell analysis have enabled the identification of
distinct CAF subtypes, aiding in the discernment of phenotype dis-
tributions within the CAF population. Notably, certain CAF sub-
types employ substantial influence over tumor progression and
drug resistance through their interactions with tumor cells.””"”*
The tumor MPS models considering the tumor-CAF interactions
have been developed in understanding the pathological processes
and drug resistance.””’* Moreover, the tumor-stroma interaction
is also integrated in the MPS for drug screening to test developing
drugs on pancreatic cancer [Fig. 2(d)]. Gampala et al. investigated
the Redox factor-1 (Ref-1) as a novel target of pancreatic tumors,
which is a redox signaling protein regulating redox metabolic
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activity of cancer in hypoxia, known to induce drug resistance and
metastasis.”” In testing the drug efficacy of the Ref-1 inhibitor,
MPS model integrating human tumor and CAF cells was used fol-
lowing by the conventional screening platforms of spheroids and
animal models to test the efficacy of the drugs itself and combina-
tion treatment with anti-mitochondrial drugs (Devimistat).

Meanwhile, the recent advances in tumor MPS models have
demonstrated the potential of MPSs in the development of immu-
notherapy, as reviewed by the Tu group.” Kim et al’” have
achieved significant progress with an innovative tumor-vasculature
MPS model that includes cytotoxic CD8+ T-cells [Fig. 2(e)]. These
cells were introduced into an in vitro microvascular network to
explore the complex interactions between immune and endothelial
cells. The study showed that the immunoregulatory effect of a
vascular-selective cytokine in the tumor microenvironment affected
immune responses and tumor growth. Similarly, Mollica et al.
showcased the compact composition of the pancreatic tumor
microenvironment within an MPS system, where pancreatic tumor
cells, endothelial cells, and pancreatic stellate cells were integrated
to study T-cell mobility.”® These investigations underscore the
utility of MPSs in exploring the potential improvements in
T-cell-focused immunotherapy, aiming to enhance T-cell traffick-
ing and bolster anti-tumor immunity. Moreover, the potency of
immune responses is vividly highlighted in MPS tumor models,
where the cytotoxic effect of natural killer (NK) cells was effectively
demonstrated.””*’ These models furnish critical insights into the
intricate and high-fidelity nature of MPS platforms, as they provide
a dynamic and representative environment to observe the behavior
of immune cells within a tumor context.

Rare disease models and personalized medicine

The integration of human physiological cell sources and envi-
ronments in MPSs has significant advantages for studying rare dis-
eases and personalized medicine.*””” By incorporating
patient-specific cell sources and considering the unique characteris-
tics of specific diseases, these models can effectively demonstrate
disease-specific phenotypes, facilitating target identification and
evaluation. This approach enables researchers to study and under-
stand the intricacies of rare diseases at a cellular level, paving the
way for tailored therapeutic interventions and personalized treat-
ment strategies. Patient-derived cells were used to model the
Shwachman-Diamond syndrome in a bone marrow-on-a-chip,
demonstrating the potential of using MPSs for personalized
therapy optimization and clinical trial design, particularly for rare
diseases that are challenging to test preclinical drugs systemati-
cally.”” In addition, intratumoral heterogeneity with pancreatic
ductal adenocarcinoma was investigated with genetically engineered
mouse model-driven cells.” This study recapitulated the PDAC’s
oncogenic heterogeneity which showed a potential of MPS in mim-
icking patients’ specific genetic architecture with available cell
sources.” Advances in stem-cell technology with induced pluripo-
tent stem cells (iPSCs) would accelerate the application of the MPS
in personalized medicine.***> For instance, the blood-brain barrier
(BBB)-on-a-chip, demonstrating the selective barrier that separates
the bloodstream from the brain, has been developed by combining
it with iPSC-derived brain cells from patients to develop a patient-
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specific in vitro model for personalized medicine.*”

%7 This concept
was demonstrated by Vatine et al,”’ wherein patient-specific in
vitro models of two neurological disorders, Huntington’s disease,
and MCTS8-specific deficiency, were created.

Although many disease models have been integrated into drug
efficacy evaluation platforms in preclinical studies, the limited
ability to achieve reasonable throughput has hindered the effective
screening of developing drugs. This poses a significant barrier to
the utilization of these platforms in the pharmaceutical industry.

MPS models for pharmacokinetics and
pharmacodynamics (PKPD) evaluation

The context of use for MPSs has also expanded greatly in the
evaluation of pharmacokinetics (PK) and pharmacodynamics (PD)
in drug development. The PK and PD are essential in drug devel-
opment stages as they provide valuable estimates of drug effective-
ness, safety, and dosage regimens for optimal therapeutic outcomes
[Fig. 3(a)]. PK focuses on the drug’s pathway through the body
experiencing drug absorption, distribution, metabolism, and elimi-
nation (ADME), governing the consequent concentration in blood-
stream. PD refers to the relationship between drug dosage and its
pharmacological effects involving its interaction with the targets,
enzymes, or other molecules. The application context of PK-PD
evaluation using MPSs encompasses several key aspects. First, it
involves the replication of functional features of each organ within
the system, allowing for the demonstration of drug ADME.
Additionally, it entails determining parameters for mathematically
driven PK models, which systematically addressing how drugs
behave in the body. Furthermore, evaluation platforms are utilized
to investigate the PK-PD relationship by simulating the dosage
varying drug concentrations mimicking in vivo PK profiles to
perfuse them toward the intended drug targets.

Accurate prediction of the PK profile is essential for under-
standing the dosage response of drugs. Over time, mathematical
modeling of drug PK has advanced from simplistic compartmental
models to more complex physiologically based PK models (PBPK),
which represent the entire body as a network of interconnected
organs as it was comprehensively reviewed for oral drug PBPK
models.”® Construction of PBPK models involves estimating
various anatomical and physiological parameters, such as organ
volumes, blood or lymphatic perfusion, alongside kinetic constants
governing drug ADME behaviors. However, it poses a significant
challenge in accurately predicting the parameters for quantitatively
determining appropriate drug dosages during clinical trials due to
limitations and uncertainties in conventional measurement
methods, including in vivo and in vitro studies to extrapolate from
preclinical animal data,”"*"""

By integrating MPSs into PBPK modeling, more reliable and
relevant parameter values can be obtained with more accurate rep-
resentation of human physiology, leading to improved predictions
of drug behavior and efficacy in humans.'*'”""~"* Several pioneer-
ing studies unlocked the potential for demonstrating PKPD in
MPSs.'>'? Recently, Korner et al.’* provided the novel pharmacoki-
netic compartment model using microfluidic droplets and biomi-
metic artificial cells that significantly improves the prediction of
molecular absorption in the jejunum. By mimicking the
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Adapted with permission from Maass et al., Integr. Biol. 9(4), 290-302 (2017). Copyright 2017 Oxford University Press. (c) Utilizing the tumor-microenvironment on-chip
(T-MOC) platform to emulate drug transport within the breast cancer microenvironment, enabling the study of drug penetration and accumulation. Adapted with permission
from Ozcelikkale et al., J. Controlled Release 266, 129-139 (2017). Copyright 2017 Elsevier B.V. (d) Comparison of the distinct drug accumulation patterns of doxorubicin
(Dox) and Dox-loaded hyaluronic acid nanoparticles (Dox-HANPs) within the breast cancer T-MOC platform. Reprinted with permission from Shin et al., Mol. Pharm. 13(7),
2214-2223 (2016). Copyright 2016 American Chemical Society.
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composition and size of human intestinal cells, the developed
microfluidic platform allows for precise quantification of pharma-
cokinetic parameters, such as half-life, flux, and the apparent per-
meability coefficient, which closely aligns with absorption of the
drugs in actual intestinal tissue. The kidney MPSs have developed
and applied to evaluate the renal drug secretion.”* Furthermore, the
replication of interconnections and interactions between multiple
organs has gained significant attention in the development of
MPSs known as multi-organ-on-chip platforms, aiming to achieve
more accurate replication of human PKs. These systems allow for
the integration of diverse organ-specific models, enabling the simu-
lation of complex physiological processes, including drug ADME.
By incorporating multiple organs within a unified system, multi-
organ-on-chip platforms provide a more comprehensive and
precise representation of human PK, offering promising advance-
ments in drug development and reducing the reliance on animal
models.”””"”>™”” By implementing integrated multi-MPS platforms
that mimic gut, liver, kidney, and bone-marrow models, researchers
successfully applied a multi-functional scaling approach to PBPK
modeling. Through these innovative modifications, they were able
to quantitatively replicate the in vivo PK profiles observed in
human clinical data for nicotine and cisplatin across various doses
and administration routes.”’ The multi-functional scaling using
multi-organ MPS contributed to developing better prediction
PBPK model for various drugs‘) ! [Fig. 3(b)]. However, the multi-
organ MPS models have not fully replicated the physiologically rel-
evant tissue-tissue barriers between vascular endothelium and
parenchymal cells within each organ, which significantly influence
ADME responses and are critical for clinically relevant PK
modeling.

MPSs have shown the ability to establish the relationship
between PK and PD. Conventional drug screening methods using
static perfusion may lead to an overestimation of drug effectiveness.
However, by incorporating drug perfusion in MPSs, we can
enhance drug evaluation by better mimicking the dynamics of the
human system and comprehensively assessing drug efficacy.”®™'"’
Indeed, the MPS platform was utilized to simulate drug transport
within the tumor microenvironment.”'*"'%> Ozcelikkale et al.'”'
conducted a study where they perfused doxocuticin (dox)
and Dox-encapsulated hyaluronic acid nanoparticles by capturing
drug penetration and accumulation in a breast tumor
microenvironment-on-chip (T-MOC). They considered PK profile
of rapid and slow clearances through the MPS system. In results,
drug transport and accumulation are greatly influenced by the PK,
revealing the significant relationship between PK and PD in the
context of transport'’"'%” [Figs. 3(c) and 3(d)]. Also, the research-
ers have approached to develop programmable drug perfusion
system integrated with microfluidics mimicking PK and showed
drug efficacy for the PK-PD relationship.”*~""

Moreover, leveraging PKPD approaches through MPSs offers
substantial advantages in deciphering distinct physiological pro-
cesses such as the BBB and cardiovascular system, as given their
pivotal roles in fluidic transportation within the body. The BBB is a
guardian of the central nervous system and offers selective perme-
ability to solutes across the barrier. Owing to this high selectivity,
the BBB does not allow the passage of medication for the treatment
of neurological diseases. The BBB also undergoes physiological
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alteration under various diseased states, which affects the transport
across the barrier. MPS offers the opportunity to mimic the BBB
microenvironment under various diseased states, such as
Alzheimer’s,'**'%* Parkinson’s,'°>'%° stroke,'"” epilepsy,108 fungal
infection,'”” glioblastoma multiforme (GBM),''*"""" amyotrophic
lateral sclerosis (ALS),''*'"” and Huntington’s disease”” by mim-
icking three-dimensional intercellular interactions, capillary blood
flow, and biochemical gradients. Several studies to evaluate drug
response in BBB-on-a-chip have been performed. For instance, a
study conducted by Park et al.''® successfully mimicked the in vivo
transport of a clinically approved anti-cancer therapeutic antibody,
cetuximab, under the reversible osmotic opening of the BBB in
vitro. Furthermore, they demonstrated receptor-mediated transcyto-
sis of nanoparticles [20 nm Q-dot coated with Angiopep-2 (AP2)
through low-density lipoprotein receptor-related protein 1 (LRP1)
and anti-transferrin antibodies (MEM75 and 13E4)] through trans-
ferrin receptor.

Safety assessment using organ-on-chips

In drug discovery, safety assessment of the drug evaluation is
of utmost important procedures in both preclinical and clinical
stages encompassing patient safety and regulatory compliance.
Animal testing has been facilitated in drug toxicity evaluation, pro-
viding an in vivo condition for studying the effects of drugs on
crucial organs and the immune system. However, almost 40% of
the safety assessment with animal model has failed in the clinical
translation, indicating that the human system is highly desired."””
With the advent of organs-on-a-chip devices (OOC), which mimic
the human microphysiological environment on an in vitro plat-
form, drug toxicity testing of OOC has become promising in safety
assessment for developing drugs.”*>"'” These platforms have been
developed for recapitulation of drug metabolism and adverse
effects in major organs, including liver (hepatic lobule), lung
(acini), kidney (nephron), pancreas (acini), blood vessel and the list
go on, which are key factors in preclinical drug development, in
particular, to improving decision-making in drug discovery.''’

Liver is an organ to metabolize foreign substances that enter
the body such as drugs and xenobiotics, converting these sub-
stances into forms that can be easily eliminated. Also, the liver is
the primary site for drug adverse effects, which can result in liver
injury or failure. To ensure the safety of the drug and minimize the
risk of liver damage in patients, it is required to screen the hepato-
toxic effect of the drug and drug-induced liver injury (DILI) in
drug development stages. The liver MPS provides beneficial to rec-
reate the properties of three-dimensional, fluid flows, cell type con-
sideration, and heterogeneous cell to cell interactions to
recapitulate the liver function in drug metabolism and hepatotoxic-
ity for predicting clinical drug effects.'>'"*”'*" These features
address the limitations of conventional 2D hepatocyte cell culture
systems, which often overestimate the hepatotoxicity of drug candi-
dates.''®'"” Lee-Montiel et al."* recapitulated a liver acinus estab-
lishing various zonation classified by the oxygen tension. The
modeled zonation-dependent hepatocyte functions for liver metab-
olism were facilitated to test zone-dependent efficacy of acetamino-
phen.”” Liver-on-chip developed by Bevli et al. integrated with the
dynamic environmental manipulation and electrochemical sensor
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systems to demonstrate the real-time monitoring of metabolic
adaptation to mitochondrial dysfunction in response to rotenone
and troglitazone, which is the antidiabetic and anti-inflammatory
drug withdrawn from the market due to significant drug-induced
liver injury."”" The liver sinusoid-on-a-chip device by Deng et al.
containing four transformed cell lines arranged in a physiologically
relevant distribution and simulating liver functions with engineered
blood and bile flow, demonstrated effective drug transport and pre-
served enzymatic activities, allowing investigation of drug-drug
interactions and hepatotoxicity.'"”> The model was validated with
three clinically relevant acute hepatotoxic drugs, acetaminophen
(APAP), rifampin (antimycobacterial, RIF), and amiodarone, and
also APAP in combination with the other drugs.

The kidney is also a crucial organ to consider in the drug
safety assessment, which plays a crucial role in drug metabolism
and elimination, serving as a primary filter for blood, expelling
surplus fluids and waste materials from the system and in balancing
the body’s electrolytes, including significant elements like sodium,
potassium, and calcium. To effectively use the kidney MPS in drug
development, the physiological function of the kidney has been
emulated by demonstrating the intricate interactions between
various cell types, including podocytes, proximal tubule cells, and
endothelial cells, which are key players in the kidney’s filtration and
reabsorption functions.'* The filtration procedures allow the
removal of waste products and excess fluids from the blood while
retaining important substances such as glucose, electrolytes, and
amino acids, which are transported to the urine. Engineering fluid
dynamics and structural architectures of kidney through MPSs
allows to mimic the osmotic pressure gradients, structural organiza-
tion of renal tubular segments, and cellular metabolic and endo-
crine functions.'>"” The physiological functions of glomerular,
proximal tubular, and distal tubular systems have been simulated
through the application of MPS as it is well-reviewed in
Ashammakhi et al.'* In the context of use in drug discovery,
kidney-on-a-chip has demonstrated drug-induced nephrotoxicity
which causes when kidney functions are rapidly deteriorated as a
result of the toxic effects of drugs.'™'**'**

In addition, the skin, as the body’s largest organ, has an intri-
cate immune system that holds significant importance in assessing
adverse reactions to drugs. These reactions can manifest in various
ways, ranging from mild rashes to severe allergic responses, high-
lighting the crucial role of the skin immune system in identifying
drug’s adverse effects.'”” Thus, reliable skin models capable of
reconstituting the skin immune system will be an early indicator to
evaluate drug safety and potential adverse side effects during drug
development and usage. Recent advancements have seen significant
progress in developing skin-on-a-chip systems, as discussed in
prior review papers.'”>'*” These systems aim to replicate the com-
plexities of human skin in vitro, incorporating multiple layers to
simulate various aspects, evaluating skin reactions, drug diffusion,
and allergies. For example, the use of these skin models in assessing
the safety of drug compounds emphasized the drug toxicity testing
for the skin by recapitulating the barriers between skin-
vasculature,'*® and the focus on the immune reactions within the
skin. Skin-on-a-Chip by Ramadan et al.'*’ showed that keratino-
cytes reduced monocyte cytokine production in condition stimulat-
ing with lipopolysaccharides (LPSs) and nickel sulfate, highlighting
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a strong barrier function of the keratinocyte layer compared to
devices without keratinocytes or immune cells.

The adoption of MPS platforms in drug discovery has
acquired significant attention in recent discussions with the
involvement of multiple institutes, regulatory reagents, and the
industry, there is a growing focus on realizing the practical imple-
mentation with qualified validation of the platforms.™ """ To val-
idate the organ-on-chip platform, some studies have tested drugs
that did not advance to clinical development.>'** For instance, the
pro-thrombotic effects of a monoclonal antibody against CD40L
were replicated using a blood vessel-on-a-chip system.” Also,
Rubiano et al. assessed the reproducibility and reliability of the
liver MPS for the drug evaluation process.'”” The study aims to
ensure consistent results across multiple test sites and MPS batches,
addressing challenges related to inter-batch and inter-site variabil-
ity. Despite advancements in organ-on-chip technology, there
remains a need for a systematic integration of multiple organ
systems that can mimic physiological connections within a
body-on-chip system.'”” Currently, the development of a compre-
hensive platform that accurately represents the complex interactions
and functions of various organs in the human body is still a chal-
lenge. Efforts are underway to overcome this limitation and create a
more universal body-on-chip system that can provide a realistic
and predictive model for studying drug responses, disease mecha-
nisms, and personalized medicine.

Challenges and opportunities

Although numerous innovative and promising MPS have been
developed, their application in drug discovery and evaluation
remains relatively unexplored. The transition of MPSs from a
research tool to an established platform for drug development is
crucial. To facilitate this transition, various groups from academic
institutions, industry, and regulatory agencies have initiated discus-
sions on the potential utilization of MPSs and the necessary
enhancements to replace animal testing and improve the represen-
tation of the human system.”** In order to successfully recapitulate
the human system and replace animal testing, it is crucial to
address several challenges. These include the need to improve the
similarity between MPSs and the human system, establish reliable
and standardized procedures for developing and validating MPS,
and overcome throughput challenges. By addressing these limita-
tions, we can enhance the effectiveness of MPSs in mimicking
human physiology and enable their widespread adoption as an
alternative to animal testing.

To fully realize the potential of MPSs in accurately represent-
ing the human system, several advancements are still required. One
significant challenge is the lack of reliable and standardized
methods for obtaining physiological materials, including cellular
and matrix components.'”” While recent progress has been made
in utilizing patient-specific cell sources, such as stem cells, the
current approaches still struggle to recapitulate the highly heteroge-
neous nature of cellular compositions. In particular, the inclusion
of immune cell populations, which play a crucial role in drug evalu-
ation, has been largely overlooked. Despite recent advancements in
incorporating immune cells into MPS systems, ' **'** there is still
significant room for improvement to reconstitute functional
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immune systems. The opportunities persist in effectively demon-
strating immune surveillance in disease states and patient-specific
contexts. Notably, in pancreatic tumors, it has been observed that
the intricate and heterogeneous immune surveillance could deter-
mine the disease progression as well as effectiveness of drugs and
immune therapy.l’%’137 However, the absence of human immune
cells within MPS poses a limitation. The tumor microenvironment
is heavily influenced by immune cell interactions, making their
presence essential for a comprehensive evaluation of drug
responses. Reconstituting functional immune systems into MPS
would provide a more accurate representation of the complex inter-
play between tumor cells and the immune system, enabling better
assessment of drug efficacy and immunomodulatory effects.

Efforts should also be directed towards improving the physio-
logical relevance of matrix compositions within MPSs. Currently,
the selection and composition of matrix materials do not fully
capture the diverse characteristics of native tissues. Developing
standardized protocols for incorporating a range of matrix compo-
nents, including extracellular matrix proteins and soluble factors,
would enhance the biomimetic properties of MPS and better repli-
cate the intricate cellular interactions and signaling pathways
present in vivo.

Furthermore, the field would benefit from the establishment
of standardized protocols and quality control measures to ensure
consistency and reproducibility across different MPS platforms.
Standardization would facilitate comparison and validation of
results obtained from various laboratories, enabling better collabo-
ration and advancement of MPS technology. The recent momen-
tum around standardization, highlighted in a perspective report
derived from the 2022 Innovation and Quality MPS Affiliate work-
shop, underscores the urgency of defining a clear context of use for
MPSs."*! However, as outlined in the report, creating context-
specific standards faces significant technical challenges. The diver-
sity of applications and functions within MPSs, whether for drug
development, toxicity testing, disease modeling, or other biomedi-
cal uses, presents distinct complexities and demands unique
requirements.

Developing standards for MPSs to be applied in PKPD is
crucial, especially considering the conventional reliance on animal
and human studies in this field. While MPSs offer a closer emula-
tion of human physiology than animal models, they encounter
challenges in fully replicating the intricate interactions among mul-
tiple organs involved in ADME parameters. The main hurdle lies
in accurately mimicking the dynamic relationships governing how
the body absorbs, distributes, metabolizes, and eliminates drugs, as
traditionally predicted in animal models. To address this, several
innovative contexts have been proposed for validating MPS in
PKPD."’! These suggestions involve evaluating MPS against in vivo
predictive models or leveraging robust mechanistic insights gath-
ered from clinical studies, including enzyme/transporter interplay
and multiple interaction scenarios.

Furthermore, insufficient reliable throughput production has
also been considered as a critical barrier in the adoption of MPS.
The pharmaceutical industry recognizes the challenge of achieving
high throughput in evaluating drug toxicity and efficacy within
MPS, which involve multiple cells and complex tissue architectures.
Thus, there is a demand for the advancement of high-throughput
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design and engineering techniques in MPS production and mainte-
nance, enabling more efficient and scalable drug screening
processes.

By addressing the identified limitations and challenges associ-
ated with MPSs, we can significantly enhance their utility in the
field of drug discovery. Overcoming the discrepancies between
MPSs and the human system, establishing reliable and standardized
procedures for MPS development and validation, and addressing
the throughput issues will enable MPSs to become a translational
research tool in accelerating drug discovery processes and reducing
reliance on animal testing.
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