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Abstract

Microphysiological systems, including organoids, organ-on-a-chip (OoC) platforms,
and their integrated forms, are increasingly used to model human physiology in
vitro. Organoids contribute self-organized cellular diversity and tissue architecture,
whereas OoC platforms provide controlled geometry, perfusion, mechanical cues,
and access to real-time measurements. Their integration into organoid-on-a-chip
and multi-tissue systems can improve physiological relevance for efficacy evaluation,
quality control, mechanistic studies, and personalized medicine. This review examines
organoid generation, organ-specific OoC models, hybrid systems, 3D bioprinting,
acoustic bioassembly, and sensor integration. It also discusses the principal barriers to
translation, including scalability, reproducibility, standardization, and the responsible
use of artificial intelligence and multi-omics data. Together, these advances position
synergistically engineered microphysiological systems as promising translational
tools, provided that performance is validated against standardized, reproducible, and
clinically relevant benchmarks.
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1. Introduction

Recently, the integration of advanced biotechnology
and sensors has improved biomedical research, opening
unprecedentedavenuesfordiseasemodeling,drugdiscovery,
and personalized medicine. In parallel, microphysiological
systems (MPS), encompassing organoids, organ-on-a-chip
(O0C), and integrated organoid-on-a-chip technologies,
provide tools for disease modeling, drug discovery,
and personalized medicine.”” By reproducing selected
biological features of human tissues and organs, MPS can
complement conventional two-dimensional (2D) cultures
and animal models in translational research.’

Organoids are three-dimensional (3D), stem cell-
derived structures conceptualized in the early 2000s that
emerged from advances in stem cell biology and tissue
engineering. Organoids, by their definition, mimic the
cellular diversity, architectural complexity, and functional
attributes of native organs or tissues, making them powerful
platforms for studying human development, disease
mechanisms, and therapeutic responses in vitro.* Pioneering
work by Sato et al.® demonstrated that intestinal stem cells
could self-organize into 3D structures resembling mini-
guts when cultured in a supportive extracellular matrix
(ECM) with specific growth factors. This breakthrough laid
the foundation for organoid technology, which has since
expanded to a wide spectrum of organs or tissues, including
brain®, liver’, gut®, kidney®, and heart'® organoids, which
replicate essential physiological and pathological states.

The OoC technology originated from the convergence
of microfluidics and bioengineering in the late 1990s and
early 2000s, integrating living cells into microfluidic devices
to emulate organ-level functionality and recapitulate
dynamic physiological processes such as fluid flow, shear
stress, and multi-organ interactions. The first notable
OoC system, a lung-on-a-chip, was developed by Donald
Ingber’s group' in 2010, integrating pulmonary epithelial
and vascular endothelial cells implanted on both sides of a
porous membrane within a microfabricated two-chamber
device to replicate the mechanical and biochemical
microenvironment of the human lung. The field has
evolved rapidly since, with chips designed for the heart,
liver, kidney, and multi-organ systems', offering precise
control over fluid flow, oxygen gradients, and intercellular
interactions."

Organoids and OoC systems have unique strengths.
Organoids excel in recapitulating the self-organizing
capacity of tissues, enabling the study of developmental
processes and cellular heterogeneity in a 3D context.'*
However, their static culture conditions limit their ability
to simulate physiological dynamics such as blood flow or
tissue-tissue interfaces. Conversely, OoC systems provide
a dynamic microenvironment, incorporating perfusion,

shear stress, and multicellular interactions, closely
mimicking in vivo conditions.”” Nonetheless, they rely on
simpler cellular arrangements and may not fully capture the
intricate tissue architecture of organoids. By acknowledging
these complementary attributes, researchers have
integrated organoids into OoC platforms.' This hybrid
approach combines the 3D complexity and cellular fidelity
of organoids with the dynamic, physiologically relevant
conditions of microfluidic systems, thereby enhancing
the realism of in vitro models and offering superior
predictive power for drug screening, disease modeling, and
personalized medicine.

This review focuses on how organoid biology and OoC
engineering can be combined with microengineering and
sensing to construct more controllable and informative
MPS (Figure 1). The scope is organized using four
complementary dimensions: biological complexity (cell
source, maturation, vascularization, and immune or neural
integration); engineering control (geometry, materials,
perfusion, shear stress, and mechanical or electrical
stimulation); monitoring readouts (electrophysiology,
barrier integrity, biochemical sensing, imaging, and omics);
and application context (mechanistic studies, efficacy and
toxicity testing, personalized medicine, and manufacturing
quality control). The organ-based organization is retained
to help readers compare representative systems without
obscuring this cross-cutting framework. Subsequent
sections therefore progress from organoids and OoC
models to integrated organoid-on-a-chip systems,
microengineering, sensors, and translational challenges.

2. Microphysiological systems: From
organoids and organ-on-a-chip to
integrated platforms

Microphysiological systemsencompassorganoids, OoC,and
integrated (multi-)organoid-on-a-chip systems. Organoids
and OoC contribute complementary biological complexity
and engineering control, while multi-tissue platforms
extend the analysis to inter-organ interactions and systemic
responses.'®!” These systems may complement traditional
2D cultures and animal models in drug development,
disease modeling, toxicology, and personalized medicine
when their context of use is adequately validated (Figure 1).

2.1. Organoids

Organoids are defined as self-organizing 3D structures
derived from stem cells that replicate key architectural and
functional features of native organs at a miniature scale.*
They differ from simpler 3D structures such as spheroids that
lack lineage diversity or structural organization. Organoids
emulate complex organotypic architecture and physiology,
such as generated intestinal organoids with functional
proliferation zones, villus-like structures, and specialized
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Figure 1. Scope and organization of this review, linking organoid biological complexity, organ-on-a-chip engineering control, microengineering
strategies, sensor-based readouts, integrated platforms, and translational challenges
Abbreviations: CiPSC: Chemically induced pluripotent stem cell; ESC: Embryonic stem cell; iPSC: Induced pluripotent stem cell.

epithelial cells, reflecting intestinal function. Moreover,
they enable a dynamic analysis of organogenesis, genetic
diseases, and therapeutic interventions. Thus, organoids
display intrinsic self-organization, spatial polarization, and
multicellular complexity; improved organoids have enabled
the study of more physiologically relevant systems.'

2.1.1. Source and classification of organoids

Advanced technologies have expanded organoid research
from upstream biological development to downstream
applications in disease modeling, drug discovery, and
regenerative medicine. Three main cell sources are used
in organoid technology: pluripotent stem cells (PSCs),
adult stem cells (ASCs), and tissue-derived cells (TDCs);
each has unique advantages and limitations. Additionally,
organoids are classified based on their derivation: ASC-
derived organoids, PSC-derived organoids, and TDC-
derived (especially tumor) organoids.’” Organoids are
improved by incorporating diverse cell types, applying
gene-editing tools, and chemical reprogramming for cell
fate manipulation technologies to model complex tissues
and dynamics.?

(a) Adult stem cell-derived organoids

Adult stem cells are lineage-committed stem cells within

specific tissues used to form organoids that mimic adult
tissue physiology. ASC-derived organoids are established
using tissue-resident multipotent stem or progenitor cells,
typically modeling epithelial tissues from a single germ layer.
Sato et al’ delineated ASC-derived intestinal crypt-villus
structures from leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5)+ cells. These organoids are
used for studying adult tissue homeostasis and pathologies,
including gastrointestinal disorders and cancers. Because
they resemble their tissue of origin, ASC-derived organoids
are employed in preclinical models of disease. For example,
liver organoids from ASC-like cholangiocytes model
liver fibrosis and viral hepatitis.* Xu et al?' established
kidney organoids (tubuloids) from CD24+ cells, modeling
polycystic kidney disease (PKD) while reproducing tubular-
specific cellular architecture. ASC-based systems maintain
tissue-specific characteristics and genetic fidelity, but their
limited differentiation potential restricts their application
primarily to single-germ-layer epithelial tissues.

(b) Pluripotent stem cell-derived organoids

Pluripotent stem cells, including embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), can

differentiate into any cell lineage.”? Their broad potency
enables the generation of complex organoids with
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multilineage differentiation.”® ESCs, derived from the inner
cell mass of blastocysts, form organoids by culturing them
under specific conditions, mimicking organ structure and
function, making them valuable for development studies,
disease modeling, and drug screening. iPSCs can also
be prepared by gene-editing technology with clustered
regularly interspaced short palindromic repeats—CRISPR-
associated protein 9 (CRISPR-Cas9), which has transformed
organoid research by enabling the faithful recreation of
disease-associated mutations or highly specific models.
This precision genetic modeling allows high-throughput
gene knockouts for functional studies. Hendriks et al.**
demonstrated that multiplex CRISPR-based modifications
in hepatocyte organoids facilitate target identification and
drug development for non-alcoholic fatty liver disease
(NAFLD), underscoring the intersection of organoid
biology and genetic engineering for creating patient-
relevant disease models.

A novel approach by Guan et al.** uses small molecules
to induce PSCs for organoid construction. This chemical
induction reprograms somatic cells into a pluripotent
state, bypassing genetic manipulation. Chemically induced
pluripotent stem cells (CiPSCs) can then be directed to
differentiate into multiple lineages, generating complex
organoids that resemble native tissues in structure and
function. This method simplifies iPSC production while
improving reproducibility and scalability, advancing
regenerative medicine, disease modeling, and drug
discovery. Chemically derived liver progenitor cells (human
chemically derived hepatocytes) have also been developed
asasource for liver organoids, offering promising models for
liver disease, regenerative medicine, and toxicology testing,
with applications in treatment and drug development.

Unlike ASC-derived organoids, PSC-derived
organoids (from ESCs, iPSCs, or CiPSCs) exhibit broader
differentiation potential into all three germ layers,
enabling the formation of epithelial and mesenchymal
compartments, rendering them suitable for developmental
studies and modeling congenital diseases.”> However,
PSC-derived organoids require complex differentiation
protocols. Moreover, ethical concerns surrounding ESCs
and the complexity of differentiating iPSCs hamper their
scalability and reproducibility. These organoids can model
early organogenesis, as seen with brain, intestinal, and
kidney organoids.

(c) Tissue-derived cell-derived organoids

Fully differentiated cells can transform to a progenitor-
like state under appropriate culture conditions, as shown
in tumor organoid generation.*®* However, lineage
reprogramming and long-term stability of TDC-derived
organoids is challenging. Incorporating multiple cell types,
such as immune cells, fibroblasts, neural cells, vascular

components, and ECM, has been pivotal for enhancing
the realism of organoids. Strating et al”’ successfully
used fibroblast-enriched co-cultures of colon cancer
organoids to induce epithelial-to-mesenchymal transition
(EMT), elucidating mechanisms through which cancer-
associated fibroblasts contribute to immunosuppressive
tumor microenvironments and chemoresistance. Similarly,
Schuth et al® developed matched pancreatic ductal
adenocarcinoma (PDAC) organoid/fibroblast co-cultures,
demonstrating that fibroblasts affect tumorigenesis and
mediate chemoresistance via cytokine signaling and EMT
transcriptional changes. Bioprinting methods enabled
the incorporation of vascular structures, as in Liu et
al’s® multi-material 3D bioprinting of vascularized liver
organoids, which provided functional capillary networks to
sustain nutrient perfusion and cellular metabolism. These
integrated models better mimic the heterogeneity of native
tissues and are valuable in oncology and immunology
studies.

2.1.2. Specific studies of organoids
(a) Intestinal organoids

Intestinal organoids are 3D structures derived from
intestinal stem cells or reprogrammed somatic cells that
replicate the architecture and function of the intestinal
epithelium in vitro. They consist of a polarized epithelial
layer with crypt-like domains containing stem and Paneth
cells, surrounded by villus-like regions with differentiated
enterocytes, goblet cells, and enteroendocrine cells. This
self-organized structure mimics the in vivo crypt-villus axis,
but the number and positioning of crypt-like domains in
mouse intestinal organoids cannot be precisely controlled,
highlighting inconsistency. Such variability arises from
limited understanding of how intrinsic programs interact
with microenvironmental cues. Overcoming these
challenges requires engineering approaches to guide
morphogenesis, imposing order on this unpredictable
process and prioritizing novel construction strategies over
downstream outcomes.

Intestinal organoids face major challenges in
reproducibility and control. The stochastic nature of stem
cell self-organization produces variable size, shape, and
composition, limiting standardized research. Gjorevski et
al® addressed this by introducing bioengineered control
over organoid formation through tissue geometry (Figure
2a). Recognizing that native architectures emerge from
epithelial self-organization and external regulators, they
used hydrogel photopatterning and microfabrication to
dictate initial size and shape. This enabled prediction
and guidance of developmental trajectories, particularly
crypt formation. They showed that predefined hydrogel
microtopography  establishes local differences in
cell packing and morphology, driving reproducible
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Figure 2. Representative single-organoid studies. (a) Engineered microenvironments for extrinsic control of intestinal organoid development. Reprinted
with permission from Gjorevski et al.® Copyright © 2022 American Association for the Advancement of Science. (b) Overview of kidney organoid
development. Reprinted with permission from Prahl et al.® Copyright © 2024 The Author(s), under exclusive license to Springer Nature Limited. (c)
Generation of human pluripotent-stem-cell-derived lung organoids. Reprinted with permission from Miller et al.** Copyright © 2019 The Author(s),
under exclusive license to Springer Nature America, Inc. (d) Matrix-free human lung organoids derived from induced pluripotent stem cells (iPSCs)
for lung-injury modeling. Reprinted from Budeus et al.*! (e) Co-culture of pro-epicardium/septal transverse mesenchyme/posterior foregut/hepatic
diverticulum (PE/STM/PFH) cells with cardiomyocytes during heart-organoid development. Reprinted from Branco et al.** (f) Human iPSC-derived
liver organoids generated by fusion of liver buds. Reprinted with permission from Tadokoro et al.** Copyright © 2024 American Association for the
Advancement of Science. (g) Integrated superhydrophobic microwell array chip for rapid analysis of lung-cancer organoids. Reprinted from Hu et al.**

epithelial patterning. These spatial variations activated
mechanosensing pathways such as Yes-associated protein
(YAP) and Notch, localizing Paneth cell differentiation and
suppressing stem cell fates to specify crypt- and villus-like
domains. Unlike traditional cultures reliant on random
budding, geometry alone yielded macroscopic organoids
with accurate crypt-villus architecture. By prioritizing

construction precision, this study provides a framework for
scalable, reliable intestinal models.

Traditional human organoid cultures fail to replicate
the dynamic equilibrium of in vivo tissues, often favoring
proliferation with limited diversity or differentiation at
the cost of scalability. Yang et al.** developed a tunable
human small intestinal organoid (hSIO) system to balance
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stem cell self-renewal and differentiation. They proposed
that enhancing stem cell “stemness” would amplify
differentiation potential under a single culture condition.
Using small-molecule modulators of wingless-related
integration site (WNT), Notch, and bone morphogenetic
protein (BMP) pathways, they optimized intestinal stem
cell behavior without artificial gradients. Bromodomain
and extraterminal (BET) inhibitors reversibly shifted
the balance toward enterocyte differentiation with high
proliferation, while niche signal manipulations induced
unidirectional differentiation into secretory lineages. The
optimized hSIO system yielded organoids with greater
cellular diversity (enterocytes, goblet cells, rare Paneth
cells) and strong proliferative capacity, overcoming prior
limitations by engineering culture conditions rather than
post-formation interventions.

Beyond these cornerstone studies, recent efforts
have pushed the boundaries of intestinal organoid
development through innovative engineering. Zhang et
al* pioneered a direct reprogramming method using
human urine cells to generate intestinal organoids,
bypassing the pluripotent stage to reduce tumorigenic
risks while preserving structural fidelity to native tissue.
Lorenzo-Martin et al¥’ introduced a mini-colon model
integrating microfabrication and optogenetics, enabling
spatiotemporal control of tumorigenesis with organoids
exhibiting complex crypt-villus-like patterns. Baghdadi et
al*® explored mechanosensing by knocking out Piezo in
mouse organoids, revealing their role in intestinal stem
cell self-renewal and differentiation through mechanical
cues such as basement membrane stiffness. These studies
underscore a trend toward integrating physical constraints,
chemical modulators, mechanical cues, or biological tools
to refine organoid construction, prioritizing precision and
control over traditional self-organization to build robust,
reproducible intestinal organoid systems.*

(b) Kidney organoids

Kidney organoids are typically derived from human
pluripotent stem cells (hPSCs), which differentiate into 3D
structures resembling nephron units for studying kidney
development and disease. A key aspect of production is
mimicking nephron-like structures—proximal and distal
tubules, glomeruli, and collecting ducts—with efficiency
and scalability. Tran et al* achieved a breakthrough
by generating thousands of kidney organoids with
1-2 nephron-like structures per unit, using single-
cell transcriptomics and immunofluorescence to study
nephrogenesis and disease mechanisms. These organoids,
patterned through specific signaling pathways, provide
insight into processes of human kidney development and
disease.

Thefunctional capabilities of kidney organoids, including

filtration and reabsorption, are pivotal for modeling renal
diseases. Organoids must replicate processes such as blood
filtration and selective reabsorption of water, ions, and
nutrients. This has been extensively studied in PKD. In
Tran et al’s* study, PKDI and PKD2 mutations induced
cyst formation—a hallmark of PKD. Screening 247 protein
kinase inhibitors identified compounds that blocked cysts
without impairing growth, showing that kidney organoids
can recapitulate disease phenotypes and model therapies.
Their ability to maintain filtration and reabsorption even
in diseased states highlights their value for studying disease
progression and testing drugs. Such systems also allow
investigation of how nephron dysfunction, as in PKD, alters
kidney function.

A major challenge in kidney organoids is achieving
sufficient maturation, particularly in the proximal tubule,
essential for solute reabsorption. Vanslambrouck et al’s®
study addresses this by enhancing the specification of
metanephric nephron progenitors, producing elongated
and functionally distinct proximal tubules. These organoids
demonstrated improved functionality, including albumin
and organic cation uptake vital for studying nephron
reabsorption, better response to the nephrotoxic agent
cisplatin, and increased viral replication when exposed to
SARS-CoV-2. This maturation of proximal tubules into
their S1, S2, and S3 segments allows for more accurate
modeling of proximal tubule-related diseases, such as
nephrotoxicity and inherited disorders.

In addition to genetic factors, mechanical forces are
essential in kidney development. Incorporating physical
stress into organoid cultures could improve structure and
function, making them more reliable models for kidney
disease and regenerative medicine. Prahl et al’s’ research
on nephron-forming niches shows how mechanical stress,
generated by mesenchymal cell packing at ureteric bud
tips, impacts nephron development. As these niches pack
more tightly, they undergo rhythmic stresses that influence
cell fate. Mathematical models further demonstrated
that kidney curvature constrains this packing, causing
a stiffening transition during embryonic development.
Such mechanical factors shape the spatial organization
of nephron progenitors and their differentiation into
podocytes and tubular cells. These insights inform kidney
organoid engineering, particularly the design of artificial
models that better mimic in vivo tissue behavior (Figure
2b).

Beyond the classic studies of PKD and proximal
tubule maturation, efforts to optimize the long-term
stability and physiological relevance have contributed
to our understanding of kidney organoid functionality,
such as studies on the role of specific genes in kidney
development. Freedman et al* used CRISPR editing to
model PKD, confirming the functional defects in PKD!
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and PKD2 mutant organoids. Other studies have focused
on improving vascularization within kidney organoids to
mimic real kidney circulation, essential for filtering blood.
Kroll et al.*? developed a perfusable kidney organoid model
incorporating endothelial cells to form microcirculation,
an essential step toward fully functional organoid systems.
These efforts highlight the diverse methodologies used to
improve kidney organoid models.

(c) Lung organoids

Lung organoids are 3D cell culture models that mimic the
structural and functional characteristics of the developing
lung in vitro. Their unique morphology and dynamic growth
provide insights into lung development and function. The
budding growth of lung organoids is a complex process
involving differentiation and morphogenesis, driving
endoderm induction, foregut patterning, and formation of
bronchial and alveolar structures. Notably, lung organoids
display highly irregular macroscopic morphologies,
reflecting their ability to adapt to the structural and
functional features of real lung tissues, making them
promising models to study biomechanical strain.

Simulating complex respiratory behaviors—such as
dynamic airflow, pressure responses, and biomechanical
strain—remains an underexplored aspect of organoid
research. Recreating dynamic breathing in lung organoids
is key to mimicking physiological function. Some studies
have shown bronchial-like cavities within organoids that
imitate stretching and contraction, modeling fundamental
respiratory processes. Enhancing responses to mechanical
strain could support studies of respiratory dynamics in
health and disease. Biomechanical strain modeling has also
been used to regulate mechanical forces, promoting cellular
differentiation and alveolar maturation, and advancing
the construction of functional respiratory systems in
vitro. Despite individual progress in morphology and
function, integrated approaches are needed to optimize
the consistency of organoids for structural and functional
fidelity. Irregular morphology challenges require high-
resolution imaging technologies and dynamic monitoring
to enhance their modeling accuracy and physiological
relevance.

Current protocols for generating lung organoids
are time-intensive, requiring optimization to shorten
production cycles without compromising biological fidelity.
Miller et al.*® introduced a systematic protocol to derive
lung organoids from hPSCs, marking a landmark in the
field. This multi-step differentiation process mirrors key
stages of lung development, including endoderm induction,
foregut patterning, and the creation of two organoid types:
bud tip progenitor organoids and fetal lung-like organoids.
The methodology highlights pathways for improving
structural fidelity and cellular characteristics, closely

aligning with human fetal lung tissue while addressing
challenges of cellular maturity and functional integration
(Figure 2c). The generated lung organoids display
bronchial- and bronchiolar-like architectures surrounded
by mesenchymal tissue and express alveolar-cell markers,
providing a platform to study epithelial-mesenchymal
interactions during lung development. Bud tip progenitor
organoids contain highly proliferative multipotent cells
with multilineage differentiation and strong engraftment
potential.

Lung organoids have become indispensable for modeling
respiratory diseases and developmental processes. Pezet et
al.® developed a pulmonary fibrosis model using induced
respiratory airway progenitors (iRAPs) derived from
hPSCs, achieving an unprecedented in vitro replication of
fibrosis pathology. Their protocol generated expandable
iRAPs closely resembling terminal bronchiolar and alveolar
tissues, with a purification rate of ~98%. These iRAPs
differentiated into mature alveolar epithelial type I (AT1)
and type II (AT2) cells, creating a reliable platform to study
disease mechanisms and therapies. By deleting Hermansky-
Pudlak syndrome 1 (HPSI) in iRAPs, they reproduced
aberrant differentiation features and profibrotic fibroblast
recruitment seen in idiopathic pulmonary fibrosis. This
model enabled detailed investigation of respiratory airway/
terminal and respiratory bronchiole (RA/TRB)-associated
populations, transitional AT2 cells, and other pathological
features of fibrosis. Its scalability allowed production of
large quantities of iRAP-derived cells and revealed lineage
relationships among airway progenitors, offering insights
into fibrosis dynamics unattainable in animal models.

These diverse studies illustrate the versatility and
transformative potential of lung organoids in exploring
respiratory diseases. Salahudeen et al** developed
distal lung organoids to study SARS-CoV-2 infection,
demonstrating angiotensin-converting enzyme 2 (ACE2)
receptor-mediated mechanisms and identifying club cells
as infection targets. Leibel et al.** used lung organoids to
examine multi-strain SARS-CoV-2 tropism and pulmonary
innate immune responses triggered by canonical and
noncanonical viral pathways, uncovering therapeutic
opportunities with exogenous surfactants. Important
advances have also been made in modeling chronic lung
diseases. Basil et al.* identified respiratory airway secretory
cells as progenitors for alveolar AT2 cells, revealing
disrupted differentiation in chronic obstructive pulmonary
disease. Jones et al.¥’ examined injury-induced niches and
mesenchymal regulation, showing mesenchymal AF1 cells
play a critical role in repair outcomes. Furthermore, Budeus
et al’' developed a matrix-free method to generate iPSC-
derived human lung organoids, providing a robust model to
study lung injury, particularly radiation-induced damage,
and offering new insights into the radiation sensitivity of
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different lung cells (Figure 2d).
(d) Heart organoids

Heart organoids are an important advance in regenerative
medicine and cardiac modeling, providing unique insights
into early heart development and disease. Among human
organoid systems, they have progressed rapidly, particularly
in mimicking cardiogenesis and myocardial functions.
Their defining feature is the ability to generate beating
myocardial tissues—essential for understanding cardiac
physiology and clinical applications. Early efforts focused
on producing cardiomyocyte aggregates with contractility,
while combining biochemical cues, self-organized cellular
properties, and engineered scaffolds has since improved
their reliability as platforms for modeling structural
and cellular heart dynamics. Recent advancements now
incorporate chamber formation, epicardial layers, and
vascular-like networks. This progression positions heart
organoids as key tools for investigating congenital heart
defects, cardiomyocyte maturation, and myocardial
remodeling. The transition from simple contractility to
complex systems with cellular interactions and physiological
functions underscores their promise in organ regeneration
and therapeutic modeling.

Early heart organoids demonstrated rhythmic
contractility and myocardial organization, but newer
designs, such as the multilineage self-organized organoid
model, mark a significant advance. Branco et al.** recreated
the transient pro-epicardium, a critical feature of cardiac
embryogenesis, along with septal transverse mesenchyme
and posterior foregut structures. Co-culturing these
with cardiomyocyte aggregates produced epicardium-
myocardium organoids, which recapitulate epicardial layers
covering myocardium-like tissues. This model not only
enhances structural fidelity but also reveals interactions
between epicardial cells and myocardium, including
cardiomyocyte proliferation and maturation driven by
paracrine signaling. The development of multilineage
organoids underscores the role of morphogen pathways
and the necessity of 3D environments to better mimic
soluble factor gradients pivotal in cardiac differentiation
(Figure 2e).

The primary use of heart organoids is in evaluating
therapeutic efficacy for cardiac pathologies, particularly
myocardial infarction (MI) repair and cardiovascular
toxicity. Yang et al.*® developed an engineered cardiac repair
model mimicking MI remodeling. This system captures the
phased process—from hypoxic stress and cardiomyocyte
apoptosis to fibroblast activation and ECM deposition—
while also simulating post-MI electrophysiological
dysfunction, a hallmark of cardiac failure. Yang’s approach
quantifies cell fate changes and identifies regulatory
pathways including transforming growth factor-beta

(TGF-B), Rho-associated coiled-coil-containing protein
kinase (ROCK), and WNT signaling. Validation with
modulators such as SB431542 (TGF-p inhibitor) and
CHIR99021 (WNT activator) highlights the utility of
staged modulation to arrest fibrosis and enhance infarct
repair. Beyond functional recovery, the model provides a
humanized framework for rapid screening of antifibrotic
drugs, though its scope is limited to post-ischemic fibrotic
repair. Nonetheless, this engineered model offers a valuable
assay platform for drug testing and myocardial regeneration
in ischemic heart disease.

As heart organoids advance, their relevance for
newborn and adult cardiac pathologies—from myocardial
defects to chronic infarction—will deepen. Volmert et
al.® introduced self-organized patterned heart organoids
closely resembling human embryogenesis at 6 to 10 weeks
of gestation. Their study integrated metabolic and retinoic
acid signaling gradients to recapitulate chamber formation
and anterior-posterior axis patterning. This model
produced functional atrial and ventricular cardiomyocytes,
organized epicardial structures, and proepicardial organ
formation within hollow chambers—features not previously
achieved in heart organoids. Demonstrating utility, Kiselev
et al’s system emulated congenital heart defects induced
by ondansetron exposure, linking the drug to ventricular
septal abnormalities. This model represents a technical
advance for pharmacological applications and disease
modeling by enabling researchers to trace developmental
errors and their outcomes.

Heart organoids are transformative tools in regenerative
medicine, providing structural and functional replicas for
drug screening and congenital heart defect studies; organoid
systems are leveraged for high-throughput screening. Mills
et al.’® emphasize how bioengineered cardiac organoids
can reduce false-positive hits from 2D assays and provide
mechanistic insights into drug efficacy and toxicity,
precisely identifying the mevalonate pathway’s central role
in cardiomyocyte proliferation. Thus, reliable platforms to
study regenerative strategies without compromising organ
functionality are needed. Similarly, Zhanget al’s® 3D cardiac
tissue sheet demonstrates enhanced contractility and
paracrine cytokine secretion for angiogenesis, facilitating
ischemic heart disease studies. Additionally, Lewis et al’s*!
hybrid system integrates 2D and 3D approaches to analyze
drug-induced cardiotoxicities, underscoring the versatility
of organoids as predictive models. However, immature
vascularization, restricted electrophysiological mimicry,
and the absence of immune cells and neural crest cells are
current limitations.

(e) Liver organoids

Theliverisacornerstone of human physiology, orchestrating
essential functions such as detoxification and metabolism.
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As a parenchymal organ, it depends on hepatocytes—its
primary functional cells—to process toxins, metabolize
nutrients, and maintain biochemical homeostasis.
These hepatocytes are arranged within the liver lobule, a
hexagonal unit reflecting the organ’s architectural precision.
At the lobule’s periphery, portal triads—composed of the
hepatic artery, portal vein, and bile duct—deliver a dual
blood supply rich in oxygen and nutrients, while the central
vein drains processed blood into systemic circulation. This
vascular network sustains the liver’s metabolic activity and
underscores its role as a detoxifying powerhouse.

Unlike traditional 2D cultures, organoids aim to
recapitulate the liver’s 3D complexity, restoring lobular
structure and blood supply dynamics to bridge the gap
between in vitro models and in vivo reality, with structural
fidelity enhancing functional relevance. Tadokoro et al.**
engineered liver organoids to reflect both structural and
functional features of the liver, particularly in fibrosis.
Starting with human iPSCs (hiPSCs), they developed liver
buds—early fetal liver-like structures—and fused them
into larger liver organoids mimicking midgestational fetal
liver. This fusion fostered interactions among hepatocytes,
endothelial cells, and mesenchymal cells, producing
complex structures with hepatocytes, vasculature, and bile
ducts after transplantation. The goal was not to replicate
adult liver anatomy but to harness fetal liver’s regenerative
and immunomodulatory properties. When grafted onto
chemically induced fibrotic livers in immunocompromised
mice, these hiPSC-derived liver organoids integrated with
host vasculature and promoted regeneration. A key feature
was their ability to reduce fibrosis via M2 macrophage
polarization, driven by secretion of macrophage-recruiting
and antifibrotic factors—more pronounced in fetal than
adult liver. This design leveraged fetal-specific traits such
as hematopoiesis to influence the host microenvironment
(Figure 2f).

A pragmatic compromise is to sacrifice some anatomical
detail for high-throughput analysis. Kimura et al.” took
a distinct yet complementary approach that emphasizes
metabolic fidelity, restoring sufficient hepatocyte function
to study genetic impacts and probe genotype-phenotype
associations in non-alcoholic steatohepatitis (NASH)
without prioritizing complex structures such as bile ducts or
sinusoids. His team devised a pooled human organoid panel
from hiPSC-derived hepatocytes, engineered to emulate
steatohepatitis under insulin-insensitive conditions—a
reflection of the liver’s metabolic role in diabetic states.
These organoids were not designed to replicate full lobular
architecture but to provide a scalable platform for large-
scale phenotyping, focusing on lipid accumulation and
inflammation as NASH hallmarks. A key finding was the
role of the GCKR-rs1260326:C>T variant, which modulates
disease severity depending on metabolic context. Their

method differentiated foregut progenitors into hepatic
organoids, maintaining hepatocyte identity while exposing
them to fatty acid overload to mimic NASH pathology. This
setup enabled identification of mitochondrial dysfunction
linked to the GCKR variant, critical for drug evaluation and
disease modeling.

A challenge in liver organoid design is pre-
vascularization ~without compromising parenchymal
integrity. Fan et al.>* introduced a nonparenchymal cell
grafting strategy to construct hiPSC-derived hepatobiliary
organoids (hHBOs) by integrating endothelial and
mesenchymal cells at defined differentiation stages.
The process began with foregut stem cell spheroids
differentiated into hHBOs on a microfabricated chip,
avoiding Matrigel for uniformity. Endothelial grafting
was optimized at the hepatic maturation stage, when
hepatocytes expressed vascular endothelial growth
factor (VEGF) and angiopoietins, promoting endothelial
invasion and sprouting to mimic sinusoidal development.
Mesenchymal cells, notably MRC-5 fibroblasts, enhanced
this process, stabilizing vasculature and modestly boosting
lipid metabolism via ASGRI upregulation, without altering
hepatocyte fate. Post-transplantation into mice, these pre-
vascularized hHBOs integrated with host vasculature and
self-organized into hepatic zones and bile ducts, reflecting
the liver lobule’s dual blood supply and biliary network.

Beyond these flagship studies, many efforts have
enriched liver organoid development, each addressing
structural and functional restoration. Leite et al.®* crafted
3D spheroids combining HepaRG hepatocytes and primary
human hepatic stellate cells to detect drug-induced fibrosis
by maintaining hepatic stellate cell quiescence alongside
hepatocyte metabolic competence. This model, responsive
to compounds such as allyl alcohol and methotrexate,
mirrors the liver’s injury-response dynamics without its full
lobular architecture. Wu et al.>* scaled up hepatic precursor
organoids using human ESCs in bioreactors, embedding
low-concentration ~Matrigel to support expansion
while retaining hepatocyte polarity—ideal for drug
testing despite heterogeneity risks. Liu et al.>* fabricated
decellularized liver scaffolds seeded with hiPSC-derived
cells with restored organ-level vasculature and metabolism,
prioritizing sinusoidal-like structures for toxicity studies.
Wang et al.** demonstrated that hepatobiliary organoids
incorporated functional bile ducts, leveraging polarized
hepatocytes to study clearance functions. Utami et al.”’
used oxygen-permeable microwells to enhance cytochrome
P450 (CYP) activity, refining drug metabolism models.
These approaches emphasize restoring key liver features—
vascularity, biliary networks, or metabolic zones—tailored
to fatty liver and fibrosis modeling; they share a focus on
structural ingenuity over experimental minutiae.
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Figure 3. Representative neural and vascularized organoid studies. (a) Brain-region-specific organoids for disease modeling. Reprinted with permission
from Qian et al.*® Copyright © 2016 Elsevier. (b) Engineered brain-spinal cord assembloid for electrophysiological analysis of neural signal transfer.
Reprinted from Son et al.* (c) Reciprocal projections in fused thalamic and cortical organoids. Reprinted with permission from Xiang et al.®* Copyright ©
2018 Elsevier. (d) Self-organized neuromusculoskeletal tri-tissue organoids derived from human pluripotent stem cells. Reprinted with permission from
Yin et al.** Copyright © 2024 The Author(s). (e) Confocal image of a tumor perivascular niche with heterogeneous microvasculature and a vascularized
tumor spheroid (scale bar: 400 pm). Reprinted with permission from Du et al.®> Copyright © 2024 Wiley-VCH GmbH.

2.1.3. Brain and nerve organoids

Brain organoids represent a major advance in modeling the
human nervous system, bridging the gap between simplistic
cell cultures and the complexity of in vivo studies.”® Derived
from iPSCs, these 3D constructs can self-organize into
structures mimicking the whole brain or specific regions—
forebrain, midbrain, hindbrain, and thalamus. Qian et
al*® developed a miniaturized spinning bioreactor system,
SpinQ), to generate human brain organoids with greater
reproducibility and lower cost. Using this system, they
cultured forebrain-specific organoids from hiPSCs that
displayed key features of human cortical development,
including a well-organized outer subventricular zone with

neural progenitor cells and organized neuronal subtypes
across all six cortical layers. These forebrain organoids
also produced y-aminobutyric acid (GABA)ergic neurons,
reflecting features unique to human brain development and
absentin rodent models. The versatility of Spin(Q) was further
demonstrated in generating midbrain and hypothalamic
organoids. The forebrain platform was applied to model
Zika virus (ZIKV) infection, showing that African and
Asian ZIKV strains preferentially infect neural progenitors,
causing increased cell death and suppressed proliferation.
This reduced neuronal layer volume, resembling the
pathological features of human microcephaly. The ability
to model ZIKV infection at different stages of cortical
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neurogenesis underscores its value for studying brain
development and disease mechanisms. Additionally,
Spin(Q) significantly reduced media volume, making it a
cost-effective platform for large-scale, high-throughput
applications such as drug screening and disease modeling
(Figure 3a).

Brain organoids can generate diverse cell types,
including cortical and retinal cells. Their diversity of
cell types, from neurons to glial cells, and capacity to
form intricate connections akin to neural networks
underscore their potential as dynamic systems reflecting
developmental principles rather than simple aggregates.®®
Gabriel et al.* developed an in vitro system to engineer
brain organoids capable of forming optic vesicles, essential
for eye development. Using iPSC-derived brain organoids,
they demonstrated the formation of bilateral optic vesicles
that matured into complex structures with neuronal and
non-neuronal cell types. These optic vesicle-containing
brain organoids (OVB-organoids) incorporated retinal
progenitor cells, retinal pigment epithelia, lens-like
cells, axon-like projections, electrically active neuronal
networks, and microglia. Notably, OVB-organoids
were light-sensitive, exhibiting photosensitive activity
across light intensities, which could reset after transient
photobleaching. Bilaterally symmetric optic vesicles
formed without artificial signaling centers, underscoring
the intrinsic self-patterning capacity of iPSCs. The ability
to generate complex, photosensitive structures within
50-60 days opens new opportunities for studying early
neurodevelopment and eye disorders. Son et al.*® also
presented a 3D-engineered brain-spinal cord assembloid
on a multielectrode array (MEA) chip to geometrically
align these components with signal transmission across
the central-peripheral divide. Assembloids are spatially
organized multicellular constructs and organoids that
function more like real human tissue and organs produced
from diverse cell types (Figure 3b).

Cortical organoids, for example, can differentiate into all
brain regions, offering a panoramic view of neurogenesis.
Electrophysiological recordings and calcium imaging
further demonstrated neuronal maturation and network
activity in fused organoids. Xiang et al.** presented a method
for generating region-specific brain organoids with features
of the medullary spinal trigeminal nuclei (SpV). Using
hPSCs with small mothers against decapentaplegic (SMAD)
inhibition and WNT/RA activation, they created SpV-like
organoids (hmSpVOs) that exhibited morphological and
molecular characteristics of the medullary SpV, including
lineage markers and neural connectivity with the thalamus.
By integrating hmSpVOs with thalamic organoids, they
established a functional SpV-thalamus circuit. Another
study explored reciprocal projection loops by fusing
human ESC-derived thalamic-like organoids (hThOs)

with cortical-like organoids, offering new ways to study
thalamocortical interactions. Single-cell RNA sequencing
showed that hThOs uniquely expressed thalamic markers,
with glutamatergic neurons predominating. When fused
with human cortical-like organoids, hThOs extended
axons forming thalamocortical projections, while cortical
neurons projected back to the thalamus, establishing
corticothalamic connections. Immunostaining confirmed
synapse formation, mimicking in vivo thalamocortical
pathways (Figure 3c).

Beyond these milestones, numerous studies enrich
the neurosystem organoid landscape. Region-specific
organoids, such as those of the spinal cord or fused
assemblies (e.g., cortex-optic nerve), allow targeted
exploration of functional specialization. Yin et al.*' ‘eported
a significant advancement in human neuromusculoskeletal
tri-tissue organoids (hNMSOs) with their integration of
neural, muscular, and skeletal domains within a single 3D
construct. Starting from hiPSCs, they employed a static-to-
spinning co-development strategy, using Sonic hedgehog
(SHH) signaling and skeletogenic factors to induce
simultaneous lineage differentiation. Single-nucleus RNA
sequencing and spatial transcriptome profiling confirmed
distinct lineages and their spatial organization in hNMSOs.
The neural domain acquired a ventral-specific identity and
generated motor neurons that innervate skeletal muscles.
These organoids self-organized into spatially distinct yet
interconnected regions—neural zones with ventral motor
neurons, contractile muscle, and supportive skeletal tissue.
During the maturation process of hNMSOs, the three
tissues showed tissue-specific development (Figure 3d).
Functional studies demonstrate that hNMSOs have robust
spontaneous electrical activity with functional connections
between neural and muscular tissues, motor neurons that
innervate skeletal muscle, and skeletal support enhancing
muscle maturation. Moreover, ANMSOs provide a valuable
model for studying human neuromusculoskeletal crosstalk
and related diseases.

2.1.4. Vascularized organoids

The development of vascularized organoids marks a pivotal
step in overcoming one of organoid technology’s main
challenges: establishing a functional vascular network.
iPSC-derived organoids are particularly promising due
to their pluripotency and ability to differentiate into
endothelial cells and mural cells, including pericytes and
vascular smooth muscle cells. Without robust vasculature,
organoids suffer from limited nutrient and oxygen delivery,
often leading to necrosis in larger constructs. Advances
in this field highlight the potential of iPSC-derived
vascularized organoids to bridge in vitro and in vivo
physiology, offering insights into vascular development and
tissue engineering.
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Vascularization not only supports cell survival but
also enhances physiological relevance by mimicking
in vivo tissue dynamics, critical for disease modeling
and regenerative medicine. A landmark study by Du et
al.®? exemplifies engineering approaches to vascularize
organoids through a patient-derived tumor organoid
(PDTO)-on-a-chip model. This system integrates PDTOs
with microfluidic technology to construct a hierarchical,
tumor-specific microvascular network, reflecting the
structural diversity of clinical tumors. PDTOs were
seeded within a multi-channel microfluidic chip alongside
endothelial cells, enabling self-assembled vasculature
with perfusable lumens and tumor-induced angiogenic
sprouting. The model produced a layered architecture,
with disorganized angiogenesis near the tumor and
organized microvessels distally, closely mimicking in
vivo tumor vasculature. Microfluidics provided precise
microenvironmental control, facilitating nutrient supply
and real-time monitoring of tumor-vascular dynamics.
This platform prioritized vascular functionality—ensuring
perfusion and structural integrity—rather than focusing
only on downstream applications. While the study
highlighted Notch signaling in tumor cell migration toward
vessels, its key contribution was demonstrating a scalable,
reproducible method for vascularizing heterogeneous
organoids. Particularly relevant for vascular-rich tumors
such as sarcomas, this model sets a precedent for strategies
emphasizing vascular fidelity and adaptability, offering a
versatile tool for studying vascularization across organoid
types (Figure 3e).

The process typically begins with mesoderm induction
of iPSC aggregates, followed by endothelial differentiation
within a 3D matrix such as collagen I-Matrigel to form
vessel-like structures. In contrast to engineered systems,
Wimmer et al® developed a protocol for generating
self-organizing 3D blood vessel organoids from hPSCs,
emphasizing intrinsic cellular mechanisms over external
manipulation. The process begins with mesoderm
induction of hPSC aggregates, followed by differentiation
into endothelial networks and pericytes within a collagen I-
Matrigel matrix, yielding organoids that recapitulate human
microvasculature within 2-3 weeks. The vascular networks
feature endothelial cell-lined vessels supported by mural
cells, forming a scalable system expandable in suspension
culture. A key feature is integration with host vasculature
upon transplantation into immunocompromised mice,
where organoids matured into functional arteries,
arterioles, and veins connected to mouse circulation. This
self-assembly leverages the developmental potential of
hPSCs, bypassing biofabrication tools such as bioprinting
yet achieving a perfusable vascular system. The focus is on
construction—optimizing differentiation cues and matrix
composition—rather than post-formation analyses, making

it a foundational technique for vascularizing organoids
such as brain or liver models. While lacking active flow in
vitro, its transplantability suggests a path toward functional
perfusion, offering a complementary strategy to engineered
approaches and underscoring the versatility of hPSC-
derived systems in vascular organoid research.

This self-organizing capacity enables hierarchical
vascular networks resembling native microvasculature,
forming the basis for functional organoids. Another
approach to vascularization involves co-culturing vascular
and organ-specific organoids, as in the development of
vascularized brain organoids. In this strategy, vascular
organoids are fused with brain organoids, cultivating
endothelial and neural lineages together to form blood-
brain barrier (BBB)-like structures. Vascular organoids
rich in endothelial cells are embedded with brain organoids
in a supportive matrix, allowing spontaneous vascular
branching and integration with neural tissue. The resulting
vascularized brain organoids show selective permeability
characteristic of the BBB, supported by microglial cells
that enhance functionality through immune responses and
synapse phagocytosis. Unlike bioprinted or microfluidic
systems, this method relies on cellular self-organization,
augmented by cues such as VEGF to promote endothelial
differentiation and vessel formation. The study emphasized
construction over experimental outcomes, focusing
on building a robust vascular network that supports
neurogenesis without requiring active perfusion in vitro.*

While diverse in execution, they share a focus on
constructing functional vasculature, with variations in
complexity and scalability suited to different organoid
applications. Achieving a perfusable, stable vascular system
remainsatechnical hurdle, requiring innovative engineering
strategies. Beyond these examples, several studies have
advanced vascularization strategies with distinct methods.
Liu et al.”” used genetic engineering by introducing an
inducible ETS variant transcription factor 2 (ETV2) into
kidney organoids, achieving robust endothelialization that
enhanced nephron maturation without external scaffolds.
Skylar-Scott et al®® utilized orthogonal differentiation of
stem cells to co-develop vascular and neural lineages in
cortical organoids, generating spatially organized vascular
networks via cell aggregation. Holloway et al.% optimized
culture conditions to maintain endogenous endothelial cells
in intestinal organoids, resulting in vascularized constructs
with organ-specific identity through intrinsic mechanisms.
Additionally, 3D bioprinting has emerged as a powerful
engineering tool, with applications in liver and breast
tumor organoids, where precise deposition of endothelial
cells and biomaterials forms perfusable vascular channels.
These approaches illustrate techniques ranging from self-
assembly to bioengineering that address the challenge of
vascularizing organoids.”
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2.1.5. Tumor organoids

Patient-derived tumor organoids preserve important
histological and genetic features of their source tumors,
but conventional expansion can be too slow and material-
intensive for clinical drug selection. Hu et al.** addressed
this limitation by coupling lung cancer organoids with
an integrated superhydrophobic microwell array chip
(InSMAR-chip). As shown in Figure 2g, the device
contains 108 microwells of approximately 440 nL each,
allowing passage-0 organoids to be distributed into
isolated 3D cultures and exposed to multiple drugs
without prolonged expansion. The miniaturized workflow
generated drug-response results within one week while
maintaining organoid growth, viability, and parental-
tumor characteristics. Agreement with genomic alterations,
xenograft responses, and available clinical outcomes
illustrates how microengineering can convert organoid
heterogeneity from a practical barrier into a rapid, patient-
specific testing opportunity.

Despite varied origins, their shared strength is
recapitulatingtumorheterogeneityand microenvironmental
features, laying a foundation for downstream studies.
Papargyriou et al.”* developed a branched organoid model
for PDAC, embedded in collagen gels, that effectively
recapitulated the phenotypic diversity and heterogeneity
observed in vivo. Derived from patient tumor tissues, these
organoids exhibited morphologies linked to transcriptional
programs such as EMT, reflecting PDAC subtypes and
cellular states. The study showed that organoids captured
both intertumoral and intratumoral heterogeneity, with
epithelial and mesenchymal phenotypes displaying
distinct responses to chemotherapy and radiotherapy.
Using Morphologic Organoid Phenotypic Heterogeneity
Mapping (MOrPHeMap), the authors quantified this
diversity and identified phenotype-specific therapeutic
targets, such as mitogen-activated protein kinase kinase/
rapidly accelerated fibrosarcoma (MEK/RAF) inhibitors
that reprogrammed mesenchymal organoids into a
uniform phenotype. This finding highlights PDAC’s
notorious drug resistance, potentially driven by phenotypic
plasticity, with organoids providing a platform to dissect
these mechanisms. Unlike mutation-driven models,
this approach emphasizes dynamic phenotypic changes,
underscoring organoids’ superiority in simulating complex
disease progression. Nonetheless, the model’s limited
microenvironmental representation suggests the need for
immune cell co-cultures to enhance clinical relevance.

Compared to 2D cell lines, their 3D structure more
closely mimics in vivo conditions, reducing genetic
drift from prolonged passaging. Glioma organoids from
samples often pose challenges in tissue acquisition and
culture. Peng et al.”? proposed an individualized patient
tumor organoid (IPTO) model for central nervous system

tumors, including glioma, by culturing patient-derived
tumor explants in iPSC-derived cerebral organoids.
Within 10 days, IPTOs were generated with a higher
success rate than traditional methods. Validated through
histopathology, genomics, and single-cell RNA sequencing,
IPTOs preserved cellular heterogeneity, molecular
features, and the microenvironment of parental tumors,
accurately predicting patient responses to chemotherapy
(e.g., temozolomide) and targeted therapies, including
resistance mechanisms. IPTOs avoid dissociation-induced
spatial heterogeneity, combine rapid establishment with
microenvironment retention, and are particularly suited
for diverse central nervous system tumors, especially given
glioma’s invasive nature.

Tumor organoids share key features: high-throughput
cultivation, pronounced heterogeneity, and close
resemblance to parental tumors. These attributes make
them pivotal for drug screening, disease mechanism
studies, organoid biobanks, and bioinformatics-
assisted drug development. Rao et al.”? established liver
cancer organoids with a 40.9% success rate, tailoring
chemotherapy for intrahepatic cholangiocarcinoma
via drug sensitivity testing. Jia et al”™ used single-cell
transcriptomics to reveal molecular subtype heterogeneity
in breast cancer organoids, with implications for lung
cancer. Xu et al.”” developed a high-throughput screening
platform, identifying seven drug candidates in cervical
cancer organoids, showcasing efficiency applicable to drug
development. Mo et al.”® constructed a colorectal cancer
liver metastasis organoid biobank, capturing heterogeneity
and predicting chemotherapy responses to liver cancer.
Liu et al” paired lung cancer organoids with single-cell
RNA sequencing to dissect immunotherapy responses in
the microenvironment. Across cancer types, these studies
underscore organoids’ high-throughput and heterogeneity
advantages. They signal a shift from isolated models to
integrated platforms, particularly for bioinformatics-
aided drug development, though success rates and
microenvironment simulation remain challenges requiring
interdisciplinary solutions.

2.2, Organ-on-a-chip and human multi-organ-on-a-
chip systems

Organ-on-a-chip platforms are microfluidic systems that
use micro- and nanoscale fabrication and controlled fluid
flow to emulate selected human-organ functions in vitro."”
Depending on scope, OoC platforms can be classified as
single-organ devices or multi-organ systems. Single-organ
devices reproduce selected liver, kidney, gut, or cardiac
functions using organ-specific microarchitectures.”
Multi-organ systems connect distinct tissue modules to
model inter-organ communication, systemic responses,
and pharmacokinetic (PK)-pharmacodynamic (PD)

Volume x Issue x (2026)

doi: 10.36922/0R026020001


https://doi.org/10.36922/OR026020001

interactions, including drug-drug interactions.®**!

Common configurations include single-layer channels
for simple organ models, double-layer channels for
barrier tissues (e.g., BBB), and hydrogel-channel types
for mimicking ECM environments.*” The transition
from single-organ to multi-organ OoCs requires careful
engineering of features such as vascular systems, nutrient
gradients, and dynamic fluid communication to ensure
proper functional interdependence.® Closed-chamber
multi-organ systems minimize dead volumes for stable

perfusion but limit accessibility, whereas open-access
systems allow manual interaction with cultures but suffer
from dead volume constraints.®>** Although their clinical
use faces challenges such as scalability, standardization,
and inter-model validation,®® they could provide better
cost-effective systems for predictive toxicology, disease
modeling, and pharmaceutical development.” Innovations
such as incorporating microfluidic-controlled perfusion,
artificial intelligence (AI) for real-time monitoring,
and advanced imaging technologies have improved the
precision and reproducibility of OoCs.”#%

Figure 4. Studies of single-organ-on-a-chip devices. (a) Biologically inspired design of a human breathing lung-on-a-chip microdevice. Reprinted with
permission from Huh et al.'" Copyright © 2010 American Association for the Advancement of Science. (b) Gut-on-a-chip models. (b1) A human
induced pluripotent stem cell-derived gut-on-a-chip with intestinal epithelial and vascular endothelial channels separated by an ECM-like gel. Reprinted
from Ballerini et al.* (b2) A human gut-on-a-chip device and associated phenotype changes induced by microbiome and mechanical deformation.
Reprinted from Kim et al.¥” (c) Design and operation of the microneedle-assisted hepatic acinus chip. Reprinted from Li et al.*® (d) High-throughput
heart-on-a-chip and fluidic microdevice for in vitro heart-function studies. Reprinted with permission from Agarwal et al.*” Copyright © 2013 The Royal
Society of Chemistry. (e) Modeling the human glomerular capillary wall with an organ-on-a-chip microfluidic device. Reprinted with permission from
Musah et al.®® Copyright © 2017 Macmillan Publishers Limited, part of Springer Nature.
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2.2.1. Single-organ-on-a-chip
(a) Lung organ-on-a-chip

Lung-on-a-chip technology reproduces key structural and
physiological features of the human alveolar-capillary
interface. It enables dynamic interactions between alveolar
epithelium and vascular endothelium under air-liquid
interface conditions and can incorporate cyclic strain to
mimic breathing. These controlled mechanical and fluidic
cues support studies of gas exchange, inflammation,
infection, inhalation toxicity, and therapeutic response.”
Combining an air-liquid interface with mechanical
actuation therefore makes lung-on-a-chip a useful model
of both pulmonary physiology and disease.

One of the earliest breakthroughs in lung-on-a-chip
came from Huh et al.'! in 2010, presenting a biomimetic
microsystem that replicated the human alveolar-
capillary interface, the critical unit for gas exchange.
Using microfabrication, the team created a microfluidic
device with a porous, flexible membrane separating two
microchannels. Human alveolar epithelial and pulmonary
microvascular endothelial cells were cultured on opposite
sides, forming functional monolayers. Cyclic strain applied
to the membrane mimicked alveolar stretching during
breathing. The system enabled studies ofbiological responses
to stimuli such as bacterial infection and inflammation. It
also simulated infection responses, showing neutrophil
migration and engulfment of Escherichia coli on the
epithelial surface. Mechanical strain was further shown to
enhance inflammatory and toxic responses of lung cells to
silica nanoparticles, a common inhalation toxicity model
(Figure 4a).

Mimicking the spherical geometry of the cell’s natural
microenvironment improves the physiological fidelity of
cell culture based on a biomimetic morphology of a 3D
respiratory epithelial tissue structure.>”® Huang et al.**
introduced a biomimetic alveolar lung-on-a-chip model
that replicates the 3D structure and physiological functions
of human pulmonary alveoli. Notably, a 3D porous
hydrogel made of gelatin methacryloyl (GelMA) with an
inverse opal structure, which mimics the sac-like pores
and interconnecting windows of alveolar sacs, was used.
The GelMA scaffold, fabricated using sacrificial alginate
microbeads, features uniform, interconnected pores with a
stiffness (~6.23 kPa) similar to that of native lung tissue,
providing a physiologically relevant microenvironment
for cell growth. This structure supports the formation
of a functional epithelial monolayer when seeded with
primary human alveolar epithelial cells, which exhibit
high viability and form tight junctions, essential for
alveolar barrier function. The model is integrated into a
poly(dimethylsiloxane) (PDMS) chip that simulates cyclic
breathing motions through mechanical actuation, applying

8% strain to mimic physiological alveolar expansion.
This dynamic environment promotes cell spreading,
proliferation, and the maintenance of in vivo-like behaviors.

More recent innovations range from viral infections and
cancer therapeutics to inflammatory and fibrotic diseases.”
Si et al.*® developed a human airway-on-a-chip platform
lined with bronchial epithelia to study viral infection
dynamics and drug efficacy. In an influenza A-infected
airway-on-a-chip, nafamostat co-administered with
oseltamivir extended the treatment window. Moreover,
amodiaquine was identified as an effective therapeutic
for SARS-CoV-2 infection, demonstrating the platform’s
potential for antiviral screening. Deinhardt-Emmer et al.”’
used a human alveolus-on-a-chip to show that secondary
Staphylococcus aureus infection after influenza damages
the endothelial barrier. Building on this, Zhang et al.*®
utilized a similar alveolar-on-a-chip to replicate SARS-
CoV-2-induced lung injury, showing that epithelial cells
were more susceptible to viral infection than endothelial
cells. The addition of immune cells allowed the targeted viral
infection model to recapitulate immune infiltration and
inflammatory cytokine release, with remdesivir treatment
mitigating barrier disruption and viral replication.

Lung-on-a-chip systems are recreating human-relevant
respiratory physiology and responses, with vascular
integration offering insights into endothelial damage
and immune-cell interactions. Thacker et al® used a
vascularized lung-on-a-chip to show how SARS-CoV-2
infection triggers endotheliitis and persistent inflammatory
responses marked by interleukin 6 (IL-6) secretion;
tocilizumab reduced but did not fully prevent barrier
loss. Dasgupta et al.'® modeled acute radiation-induced
lung injury and reproduced DNA damage, inflammatory
cytokine upregulation, and barrier dysfunction, enabling
tests of lovastatin and prednisolone. More recently,
Ringquist et al.'* developed an immune-competent lung-
on-a-chip that reproduced major features of the human
severe-influenza response, providing an appropriate
infection-model context for the previously uncited study.

(b) Gut organ-on-a-chip

Gut-on-a-chip (GoC) technology represents a major
advance in in vitro modeling of the human intestine, aiming
to replicate its physiological, mechanical, and biochemical
dynamics. The intestine is essential for nutrient absorption,
barrier function, microbiota interactions, and drug
metabolism. GoC studies highlight the importance of
dynamic flow for maintaining constant shear stress during
cell differentiation, enhancing polarization and tight
junction formation with crypt-villus-like structures.’®> Guo
et al.'” developed a single-layer GoC model using Caco-2
cells cultured under dynamic shear flow with a porous
membrane and ECM support. This enabled formation of
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a highly polarized, compact monolayer expressing tight
junction proteins and elevated differentiation markers
such as villin and sucrase-isomaltase. Compared to static
systems, this model greatly improved drug metabolism
studies related to nutrient absorption and barrier function.

Conventional models such as 2D cultures or animal
systems often fail to capture its structural, cellular, and
functional complexity. Beyond single-layer designs,
double-layer GoC systems enhance physiological relevance
by separating luminal and vascular compartments.
Grassart et al.'? used such a platform to study Shigella
infection, revealing how mechanical forces such as flow
and peristalsis enhance bacterial invasion by leveraging
the microenvironment, including crypt-like epithelial
structures. Shim et al.'* incorporated villi-like 3D collagen
scaffolds into a double-layer device, achieving improved
gut barrier function and enzymatic activity under fluidic
shear stress. Jing et al.'® further demonstrated a gut-vessel
microfluidic system where intestinal epithelial cells were
co-cultured with vascular endothelial cells under peristaltic
motion, resulting in functional microvilli, glycocalyx layer
formation, and successful bacterial co-culture.

Gut-on-a-chip has provided new insights into
microbiome-mediated intestinal inflammation, serving
as a platform for modeling intestinal diseases and testing
therapeutic interventions. Kim et al.¥’ presented a GoC
model incorporating microbiome, immune cells, and
mechanical deformation to explore bacterial overgrowth
and inflammation. The model mimics human intestinal
pathophysiology, enabling long-term in vitro culture of
epithelium, immune cells, and commensal microbes—
crucial for studying diseases such as ileus and inflammatory
bowel disease (IBD). The study showed that mechanical
deformation is essential for intestinal health, as the absence
of peristalsis-like motion led to bacterial overgrowth
resembling IBD and ileus. It also revealed that immune cell
interactions with endotoxins or non-pathogenic microbes
stimulated  proinflammatory  cytokine  production,
contributing to epithelial injury and barrier dysfunction,
key to understanding the inflammatory processes driving
these diseases (Figure 4b).

Gut-on-a-chip platforms address limitations by
simulating fluid flow, peristalsis, and oxygen gradients
through microfluidics. Advances in GoC technology have
facilitated the study of intestinal microbiome interactions,
supported by oxygen gradients and mechanical forces,
enabling insights into gut physiology and drug effects.!%%”
Ballerini et al.* developed a GoC model that simulates the
human intestinal environment, incorporating human fecal
microbiota and peristaltic-like movements to investigate
microbiome-host interactions and predict responses to
immune checkpoint inhibitors in melanoma patients. By
integrating human intestinal organoids, microvascular

endothelial cells, and patient-derived fecal samples, the
system supported multiomic analysis, revealing epithelium-
specific biomarkers and microbial factors linked to clinical
outcomes. The findings indicated that the microbiome
of non-responders to immune checkpoint inhibitors
had reduced capacity to buffer cellular stress and self-
renew, while specific microbial and soluble components
correlated with clinical features. This GoC platform not
only recapitulates microbiome-host interactions but also
provides insights into molecular mechanisms influencing
therapeutic responses, enabling identification of prognostic
biomarkers and potential therapeutic targets.

Gut-on-a-chip devices have also been applied to
model intestinal diseases and screen therapies. Wu et
al.'® developed an intestine-on-a-chip integrated with
machine learning to screen probiotics for enteritis relief,
identifying Bifidobacterium longum as the most effective
strain for reducing inflammation and enhancing epithelial
integrity. Shin et al.'” reported a patient-derived intestinal
organoid-based device that recapitulates disease-specific
differentiation patterns under dynamic biomechanical
conditions, demonstrating its potential for personalized
disease modeling, including Crohn’s disease and
colorectal cancer. While GoC platforms provide improved
physiological relevance compared to traditional models,
challenges remain in standardization and scalability for
high-throughput applications. Donkers et al.''® highlighted
thebroad design variability in GoC systems and underscored
the need for integrated approaches to optimize preclinical
drug development and disease modeling. Ozkan et al.!!
emphasized the potential of GoC systems in personalized
medicine, particularly for understanding gut microbiota
interactions, disease mechanisms, and testing therapeutic
interventions.

(c) Liver organ-on-a-chip

Liver-on-a-chip platforms combine controlled perfusion
with multicellular 3D culture to reproduce key aspects of
hepatic transport, metabolism, and vascular organization.
Photocontrolled porous scaffolds and co-cultures with
endothelial and stromal cells have improved albumin
secretion, urea synthesis, CYP expression, and the stability
of long-term hepatotoxicity models."'*!'"* Li et al.*® further
developed a microneedle-assisted hepatic acinus chip
(Figure 4c). Its acinus-inspired culture region connected
portal-vein, hepatic-artery, and central-vein pathways
through microneedle-generated sinusoid-like channels
with radii of 100-200 pm. The three inlet streams were
operated at 2, 1, and 1 mL/min, respectively, and the
perfusable microsystem remained stable during 7-14
days of culture. This design improved intratissue flow, cell
viability, microstructure formation, and hepatic metabolic
function, while also showing that channel dimensions and
flow partitioning must be reported when liver-on-a-chip
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performance is compared across platforms.

The liver, a highly vascularized organ, makes in vitro
modeling challenging. Vascularization is essential for
improving the biological accuracy of liver-on-a-chip
systems, together with its complexity—arising from diverse
cell types including hepatocytes, Kupffer cells, hepatic
stellate cells, cholangiocytes, and endothelial cells. To
address this, Ya et al.''"* developed a liver lobule-on-a-chip
with self-assembled, perfusable hepatic sinusoid networks
using microfluidic-guided angiogenesis, resulting in higher
metabolic activity and prolonged hepatocyte function.
Lee et al.'”® created an implantable vascularized liver-on-
a-chip that supported liver bud maintenance and modeled
inflammatory and fibrotic progression during NAFLD.
This model proved predictive in in vitro and in vivo studies.
For hepatocellular carcinoma, Ozkan et al.''® engineered a
vascularized hepatocellular carcinoma-on-a-chip system,
incorporating tunable collagen matrices and liver-specific
cells to analyze chemoresistance and treatment eflicacy
under physiologically relevant conditions. Matsumoto
et al."” further replicated hepatic zonation by employing
oxygen gradients in microfluidic devices to simulate zonal
liver functions, including xenobiotic metabolism and
carbohydrate processing.

The liver, a metabolically active organ, is central to
drug detoxification, nutrient metabolism, and immune
response. Liver-on-a-chip systems effectively model liver
diseases and evaluate potential therapies. Chhabra et
al’s'"® shear device enabled the modulation of cytokine
environments to  regulate  endothelial-hepatocyte
interactions, facilitating studies on regenerative responses.
Nawroth et al.'® designed a triculture liver-on-a-chip to
study alcohol-associated liver disease, recapitulating key
markers such as lipid accumulation, oxidative stress, and
bile canaliculi remodeling under ethanol exposure, with
potential for patient-specific research. These platforms
have also advanced studies on liver regeneration and
drug-induced liver injury (DILI). For DILI research, Hou
et al.”® developed a stacked array on a chip to investigate
idiosyncratic DILI mechanisms, identifying cytokine-
driven macrophage polarization as a critical factor. Such
models enhance our understanding of drug toxicity and
liver repair mechanisms.

(d) Heart organ-on-a-chip

Heart-on-a-chip (HoC) technology integrates human-
relevant cardiac tissue engineering and microfluidics to
model cardiac physiology and pathology. It bridges the
gap between simplistic cell cultures and the physiological
complexity of the human heart, replicating myocardial
structure and function, and is invaluable for studying
cardiovascular diseases, a leading cause of mortality
worldwide. HoC platforms have shown versatility in

recapitulating cardiac microenvironments. Zhao et al.'*!
engineered chamber-specific cardiac microtissues from
hiPSCs, creating atrial- and ventricular-specific tissues with
distinct drug responses and electrical conductivity. This
platform also facilitated long-term modeling of diseases
such as left ventricular hypertrophy and targeted drug
testing and disease-specific modeling. Similarly, Veldhuizen
et al'? advanced HoC by co-culturing hPSC-derived
cardiomyocytes with cardiac fibroblasts in a microfluidic
platform that provided controllable microenvironments.
This biomimetic approach, incorporating anisotropic
architecture, enhanced tissue maturation and synchronous
contractions, closely mimicking native myocardium.

Genetic and patient-specific disease models have
further expanded HoC capabilities. Park et al.'* developed
an optogenetic HoC model to study catecholaminergic
polymorphic ventricular tachycardia, a genetically
driven arrhythmia. Using precise genetic editing, the
system reproduced hallmark events such as diastolic Ca**
waves and reentrant rhythms, enabling identification of
molecular mechanisms, including the role of ryanodine
receptor phosphorylation in arrhythmogenesis. For
ischemic heart disease, Gaballah et al'** established a
hypoxic HoC model using hPSC-derived cardiomyocytes
to study oxygen deprivation. The system demonstrated
hypoxia-induced arrhythmias, sarcomere disorganization,
and impaired Ca®* handling. The therapeutic potential
of the antiarrhythmic drug levosimendan was observed,
as it mitigated arrhythmias and preserved sarcomere
integrity under hypoxic stress, positioning HoC as a
preclinical tool for ischemic heart disease studies. Liu et
al.'» complemented this work by integrating bioelectronics
into a HoC model for real-time monitoring of cardiac
electrophysiology. This platform revealed hypoxia-induced
tachycardia and arrhythmias, provided insights into ion-
channel behavior during acute hypoxia, and enabled
detailed electrophysiological analyses.

Heart-on-a-chip  platforms  typically = combine
microfluidic chip fabrication with engineered cardiac
microtissues, mimicking key aspects of human MPS while
providing controllable microenvironments and real-time
feedback. Microfluidic systems have advanced 3D cardiac
tissue modeling, improving physiological relevance.
Chen et al."*® reviewed innovations in HoC technology,
highlighting progress in microfluidic chip fabrication and
real-time feedback systems. These 3D microtissues show
superior mechanical and electrical properties compared
to monolayer cultures, providing a reliable platform for
modeling cardiac responses to drugs and environmental
stimuli. Wu et al'¥ further emphasized integrating
HoC with blood vessel-on-a-chip systems, enabling
studies of cardiac-vascular interactions. This approach
is especially valuable for investigating cardiovascular
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disease mechanisms and supporting high-throughput drug
screening.

Hence, HoC platforms provide physiologically relevant
models for studying cardiac biology, disease mechanisms,
and therapeutic interventions. Their ability to integrate
patient-derived cells, replicate tissue-specific responses,
and enable real-time monitoring underscores the versatility
and clinical potential of HoC technology in cardiovascular
research and personalized medicine. Despite progress,
challenges remain in fabricating scalable, high-throughput
HoC systems that replicate complex cardiac physiology,
including large vessels and valves. Recent innovations such
as bilayer membrane microfluidic devices and vascularized
networks for tissue perfusion offer promising solutions by
improving oxygen and nutrient delivery to cardiac tissues.'*
These systems refine the in vitro microenvironment and
enhance HoC functionality for pharmaceutical research.
Agarwal et al.¥ presented a high-throughput HoC system
using semi-automated fabrication to create submillimeter
thin-film cantilevers from soft elastomers. Engineered with
anisotropic cardiac microtissues mimicking ventricular
laminar architecture, these cantilevers allow calculation
of systolic and diastolic stresses from deflection during
contraction. The microdevice, made from autoclavable
materials, ensures reusability and compatibility with optical
and electrical assays for cardiac contractility. Its ability
to test drug effects, such as isoproterenol, is enhanced
by scalability and reproducibility, making it a promising
tool for pharmacological studies, particularly with rare or
expensive cell sources (Figure 4d).

(e) Kidney organ-on-a-chip

The development of kidney OoC systems represents a
promising innovation in biomedical engineering, providing
dynamic in vitro models to mimic the complex structure and
functions of the human kidney, especially the glomerulus.
This platform offers a robust tool for studying glomerular
diseases, drug screening, and personalized medicine,
providing insights into kidney disorder mechanisms and
possible interventions.'?® These devices integrate human
cells within microfluidic environments to reproduce tissue
morphology, organ-level function, and disease phenotypes.
Kidney OoC systems often use microfluidic platforms
to recreate the kidney’s dynamic environment. Musah et
al®® developed a glomerulus-on-a-chip (GOAC) made of
flexible PDMS with two parallel microchannels separated
by a porous PDMS membrane (Figure 4e). This structure
mimics the tissue-tissue interface of the glomerular
capillary wall. HiPSC-derived intermediate mesoderm
cells were cultured in the top channel and differentiated
into podocytes in situ, while primary human glomerular
microvascular endothelial cells were seeded on the opposite
side. Cyclic suction applied to hollow chambers flanking the
channels mimicked the stretching and relaxation of living

glomeruli. The chip reproduced the differential molecular
filtration of the glomerular wall, retaining albumin in the
vasculature while allowing inulin to pass into the urinary
space. These features make the GOAC a powerful tool for
studying renal mechanisms and diseases.

Recent advances have enabled the recreation of kidney
filtration processes, critical for understanding renal
physiology and pathophysiology. A key feature of kidney
00Cs is their ability to replicate renal filtration, selectively
handling small molecules such as urea and creatinine while
retaining macromolecules such as albumin. Petrosyan et
al.'® presented a GOAC model that mimics the human
glomerular filtration barrier (GFB) using human podocytes
and glomerular endothelial cells in a microfluidic platform.
Unlike models with artificial membranes, this GOAC allows
direct podocyte-endothelial interaction, essential for
reproducing native GFB structure and function. The chip’s
three-channel system co-cultures human podocytes and
glomerular endothelial cells on a collagen I matrix, enabling
formation of a functional GFB with ECM components such
as collagen IV and laminin. The GOAC shows selective
permeability, filtering inulin while retaining albumin,
similar to in vivo function. It also responds to pathological
conditions, including hyperglycemia, nephrotoxic agents
such as puromycin aminonucleoside, and sera from
membranous nephropathy patients, with albumin leakage
proportional to clinical proteinuria levels.

Simulating filtration and blood purification holds strong
potential for advancing knowledge of kidney diseases and
therapeutic strategies. A major advantage of kidney OoC
systems is their potential for disease modeling. Mou et al."*
designed a device incorporating a biomimetic ultrathin
membrane made from electrospun silk fibroin to establish
an epithelial-endothelial interface. This platform supports
differentiation of hiPSCs into glomerular cells, including
podocytes and endothelial cells, essential for forming
the kidney’s filtration barrier. Integration of these cells
enabled the development of a functional GOAC with in
vivo-like cell structure, tissue organization, and selective
molecular filtration. The fenestrae regulate biomolecule
passage by size and charge, simulating kidney function in
a controlled setting. These devices allow real-time study
of disease progression and therapeutic testing in a more
physiological context than 2D cultures or animal models.
This functionality is especially valuable for modeling
glomerular injury and diseases such as proteinuria, often
arising from glomerular damage.

The importance of 3D architecture and vascularization
in kidney OoC systems provides new insights into kidney
function and disease mechanisms. Lin et al.*' advanced
this field by developing a 3D vascularized proximal tubule
(3D VasPT) model that mimics native kidney structure
and function. The model features adjacent conduits lined
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Figure 5. Representative neurogenic organ-on-a-chip models. (a) Microfluidic co-culture of muscle bundles and neurospheres. Reprinted from Uzel
et al."*? (b) Microfluidic neurovascular-unit model for blood-brain-barrier characterization. Reprinted with permission from Lyu et al.'** Copyright ©
2021 The Author(s), under exclusive license to Springer Nature Limited. (c) Three-dimensional microfluidic human neurovascular-unit chip. Reprinted
with permission from Kim et al.* Copyright © 2021 The Author(s), under exclusive license to Springer Nature Limited. (d) Neurovascular-bone chip
integrating nerve, vascular, and bone units. Reprinted with permission from Neto et al.'*® Copyright © 2022 The Authors.

with confluent epithelium and endothelium, embedded
in a permeable ECM, and integrated with a closed-
loop perfusion system. This design enables co-culture
of proximal tubule epithelial cells and glomerular
microvascular endothelial cells, supporting active solute
reabsorption through tubular-vascular exchange. The
3D VasPT demonstrates key renal functions, including
albumin uptake and glucose reabsorption, and allows
study of epithelial-endothelial crosstalk under normal

and hyperglycemic conditions. Its ability to recapitulate in
vivo renal physiology makes it a valuable platform for drug
screening, disease modeling, and pharmacological studies.

2.2.2. Neurogenic organ-on-a-chip

The relationship between neurons and their target organs
or cells is fundamental to biological function. Neurons
control tissues including muscle, heart, blood vessels,
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and bone through synaptic connections and signaling
pathways. This regulation maintains homeostasis,
enables rapid responses to environmental changes, and
coordinates complex physiological processes. Disruptions
in neural interactions can cause severe pathologies such
as neuromuscular disorders, cardiovascular disease, and
impaired bone remodeling. Understanding neuron-organ
interactions is therefore essential for both basic science and
therapeutic development. OoC technology—particularly
models integrating neural components with specific
organ systems such as neuromuscular junctions (NMJs),
neuro-cardiac coupling, neurovascular units (NVUs),
and neuro-bone—offers a powerful in vitro platform to
replicate these interactions. By mimicking direct cell-to-
cell communication and microenvironmental cues, these
systems provide new insights into the dynamic interplay
between neurons and their target tissues.

(a) Neuromuscular junction-on-a-chip

Neuromuscular junctions are essential for motor function,
acting as the interface between motor neurons and
skeletal muscle fibers. NM]J degeneration is linked to
neurodegenerative diseases such as amyotrophic lateral
sclerosis and spinal muscular atrophy. Recent advances in
bioengineering and OoC techniques offer new ways to study
these processes. Compartmentalized designs mimic the
body’s physical separation between spinal cord and limb,
allowing observation of motor neuron axonal outgrowth
and remote muscle innervation. This approach more
accurately replicates in vivo neuromuscular interactions
and provides a platform for studying NMJ pathology and
repair in both basic and translational research.'*

The study of human neuromuscular function and
disease has traditionally relied on animal models due
to challenges in direct human research. Ionescu et al.'¥’
developed a simplified in vitro model to explore molecular
communication between motor neurons and muscle cells
using a compartment-containing microfluidic system. This
platform enabled the formation of functional in vitro NM]Js
and imaging techniques to measure axon outgrowth and
NM]J activity, clarifying the complex cellular mechanisms
involved in the structure and function of NMJs. However,
this study relied on mouse models, which may not fully
represent human physiology.

To better study NMJ formation, maturation, and
degeneration, human-specific tissue-engineered NM]J
models have been developed. Uzel et al.'** created a
microfluidic platform integrating myoblast-derived muscle
strips and motor neurons differentiated from mouse ESCs
within a 3D hydrogel. Incorporation of optogenetic control
enhanced the versatility of NM]J studies: photosensitizing
ESCs with channelrhodopsin made motor neurons
optically excitable, allowing spatiotemporal control of

neuronal activation. This approach enabled selective
excitation of motor neurons or muscle cells, providing
more refined NM]J analysis than traditional chemical
stimulation methods. The system’s design allows the use of
light to explore complex processes such as NM] maturation,
synaptic adaptation, and muscle remodeling, providing
insights into the role of activity in plastic synaptic changes.
The system also used compliant micropillars to anchor
muscle strips, offering a noninvasive way to measure
muscle contraction and force generation. This feature is
particularly valuable in drug screening, where muscle
activity serves as a marker of treatment efficacy. The ability
to quantitatively assess neuromuscular function, along with
opportunities for further engineering, makes this system
promising for advancing NMJ pathology research, high-
content screening assays for neuromuscular diseases, and
applications in soft robotics (Figure 5a).

Interspecific differences limit the translation of animal
model research into clinical practice. To address this, Vila et
al."*® further developed a bioengineered, allogeneic, patient-
specific human NMJ model. Unlike previous studies,
this study focused on creating standardized, objective,
and quantitative methods to detect and diagnose disease.
The platform combines tissue engineering, optogenetics,
microfabrication, optoelectronics, and video processing,
making it well-suited for diagnosing and evaluating novel
therapies for myasthenia gravis, an antibody-mediated
autoimmune disease. Yamamoto et al.'** proposed a human
neuromuscular tissue microfluidic model developed in a
human 24-well plate format. This study marks progress in
mimicking human tissues on microfluidic devices.

(b) Neurovascular unit organ-on-a-chip

The NVU—comprising brain microvascular endothelial
cells (BMECs), pericytes, astrocytes, neurons, and the
ECM—is essential for maintaining BBB integrity and
cerebral homeostasis. NVU-on-a-chip models provide
powerful tools for studying brain diseases, pathogen
penetration, and the neurorestorative potential of
therapies. Lyu et al'*® developed a microfluidic stroke
model with an integrated NVU to evaluate stem cell
therapies for ischemic stroke. The system incorporated
BMECs, pericytes, astrocytes, neurons, and microglia,
enabling investigation of post-stroke recovery and the role
of stem cell types in neurorestoration. Results showed that
human neural progenitor cells and human neural stem cells
promote recovery mainly by enhancing NVU structural
and functional integrity rather than direct neuronal
replacement. This highlights the importance of restoring
NVU functionality in post-stroke recovery, focusing on
gliogenesis, vessel development, and immune regulation.
The model also allows assessment of stem cell behavior
across the BBB, making it a valuable tool for preclinical
stem cell-based therapy trials. Collectively, these OoC
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models support more personalized, high-throughput
testing of NVU-targeted interventions and provide a
powerful platform for neurodegenerative disease research
and drug screening (Figure 5b).

These models recapitulate the brains vascular
environment, including functional BBB formation, NVU
cellular interactions, and responses to external stimuli such
as pathogens or therapeutic agents. Kim et al."** developed
a human NVU-on-a-chip that mimics BBB structure and
function by integrating human neural stem cells, BMECs,
and brain pericytes. Using optimized hydrogel composition
and fluidic systems, the platform recreated brain-like
conditions to study microbial penetration, focusing on
the neurotropic behavior of Cryptococcus neoformans. The
system showed that the pathogen crosses the BBB without
disrupting tight junctions, potentially via transcytosis. This
model enables real-time study of pathogen dynamics and
microbial-BBB interactions, expanding opportunities for
infectious disease research and therapeutic drug testing
(Figure 5c).

(c) Nerve-bones organ-on-a-chip

The neurovascularized bone chip (NVB chip) was
developed to model interactions between the nervous
system, vasculature, and bone tissue under inflammatory
conditions. It incorporates three compartments—neuronal,
vascular, and bone—that mimic crosstalk among sensory
neurons, endothelial cells, and osteoclasts. The NVB chip
is a compartmentalized microfluidic device with three
interconnected channels for neuronal, vascular, and bone
cells. The neuronal compartment, containing dorsal root
ganglion explants, is separated from the vascular and
bone compartments by microgrooves that permit axonal
projections but block somal components. The vascular
unit, formed with a collagen/fibrin hydrogel, supports
endothelial cells in a 3D configuration mimicking capillary
structures. The bone unit, seeded with osteoclasts, lies
adjacent to the vascular compartment. This design places
neuronal terminals in proximity to endothelial and bone
cells, enabling study of nerve-vascular-bone interactions
under physiological and inflammatory conditions. The
NVB chip provides a versatile platform for investigating
inflammatory bone diseases such as osteoarthritis and
rheumatoid arthritis, mimicking the complex interplay
among nerves, vessels, and bone in a controlled in vitro
environment.

This model seeks to unravel mechanistic interactions
in inflammatory bone diseases such as osteoarthritis.
Beyond modeling osteoclasts, the NVB chip examines
inflammation’s effects on neuronal function, particularly
pain perception. Under inflammatory conditions, sensory
neurons in the neuronal compartment show increased
axonal sprouting toward the vascular and bone units,

suggesting heightened pain responses. This effect is linked
to upregulated neurotrophic factors such as brain-derived
neurotrophic factor (BDNF), secreted by endothelial
cells under inflammatory signals. Interactions between
osteoclasts and endothelial cells may further promote
nerve sprouting through additional pro-inflammatory
factors. This model provides insight into neurovascular
modulation of bone pain and serves as a platform to
test anti-inflammatory therapies. Using a microfluidic
approach, the NVB chip provides a powerful tool to study
bone inflammation, pain perception, and nerve-bone
interactions in disease progression (Figure 5d).*>

2.2.3. Multi-organ-on-a-chip

Multi-OoC platforms represent a major innovation in
OoC technology, enabling the modeling of inter-organ
interactions and systemic physiology in vitro. Chen et al.'*°
revealed the interaction between tissues under normal
and inflammatory conditions by integrating the liver
and intestinal multi-organ platform and demonstrating
the potential of this system to mimic complex in vivo
processes (Figure 6a). They also provided physiologically
and inflammation-relevant evidence of gut-liver crosstalk
through long-term (>2 weeks) maintenance of hepatic
(e.g., albumin, bile acid metabolism) and intestinal (e.g.,
barrier integrity) functions in baseline interaction or
cytokine responses. This integrated multi-tissue platform
can synergistically enhance and generate insights useful for
understanding inflammatory organ crosstalk and complex
pathophysiological processes.

Leveraging advanced microfluidics, autologous organ
models, and real-time biomonitoring, these systems
allow the evaluation of complex pharmacological and
pathological processes beyond the scope of single-
organ models. Schimek et al'"' proposed a chip-based
system mimicking the transport function of the human
cardiovascular system for integrating biovascularization
into a multi-organ microarray (Figure 6b). The system-
on-a-chip interconnects two standard tissue culture
compartments and further vessel branching and vessel
diameter reduction down to a microvessel scale realized
by a two-photon laser ablation technique. The layout
ensures physiological fluid-to-tissue ratios and generates
pulsatile shear stress in a widely adjustable physiological
range within a microchannel circuit entirely covered with
endothelial cells using a peristaltic on-chip micropump.
This system provides indicative long-term experiments
that revealed stable performance to mimic the human
circulatory system over two and four weeks and has the
potential application for future establishment of human-
on-a-chip systems. Continued progress in vascular
integration, immune modeling, and long-term culture will
expand their applicability and clinical relevance, marking a
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Figure 6. Representative multi-organ-on-a-chip systems. (a) Multi-microphysiological system platform containing immune-competent gut and liver
models. Reprinted from Chen et al.'* (b) Multi-organ-on-a-chip layout with an integrated human dermal microvascular endothelial cell microvasculature.
Reprinted with permission from Schimek et al.'*' Copyright © 2013 The Royal Society of Chemistry. (c) Automated closed-loop oxygen-controlled
multi-organ platform containing artery, bone, liver, kidney, and gut modules. Reprinted with permission from Jiang et al.'*> Copyright © 2024 The
Author(s). (d) Integrated multi-organ chip containing liver, heart, bone, and skin tissues. Reprinted with permission from Ronaldson-Bouchard et al."”
Copyright © 2022 The Author(s), under exclusive license to Springer Nature Limited. (e) First-pass multi-organ system containing gut, liver, and kidney
chips. Reprinted with permission from Herland et al.'** Copyright © 2020 The Author(s), under exclusive license to Springer Nature Limited.

transformative step in precision medicine. '**

Multi-OoC systems also support disease modeling
and systemic toxicity assessment across tissues. Kim et
al.*® used 3D cell printing and tissue-derived ECM to
reconstruct organ-specific microenvironments in a type
2 diabetes model. Wagner et al.'*¢ demonstrated dynamic
multi-organ culture for long-term substance testing. Jiang et
al."*? introduced closed-loop oxygen control for connected
microtissue modules, enabling tissue-specific regulation of
a critical metabolic variable.

A central challenge in multi-OoC design is that

different tissues require different oxygen levels, whereas
conventional platforms are commonly exposed to a single
incubator condition. Jiang et al.**? addressed this problem
with the closed-loop modular platform shown in Figure
6¢c. Miniaturized optical oxygen sensors continuously
measured the inlet and outlet of each tissue module, while
oxygen-scavenging and oxygen-generating components
adjusted the shared medium. The system independently
maintained oxygen levels between 4% and 20% across
connected modules and demonstrated that oxygen
conditions alter tissue-specific drug metabolism. Thus,
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the contribution of their work is not simply the addition
of another multi-organ circuit, but the introduction of
feedback control as a means of maintaining tissue-specific
physiology within a coupled system.

Linked OoC systems have expanded GoC'’s capabilities
by enabling multi-organ interactions. Ronaldson-
Bouchard et al.” developed a tissue-chip system that
interlinks mature human heart, liver, bone, and skin tissues
through recirculating vascular flow, enabling multi-organ
interactions and the recapitulation of interdependent
organ functions, maintaining phenotypic stability over
four weeks and enhancing the prediction of drug responses
(Figure 6d). Milani et al.'”” introduced a gut-liver-on-a-
chip device to study mycophenolate mofetil metabolism,
capturing the contribution of intestinal and hepatic
systems in the drugs pharmacokinetics and metabolic
conversion. This coupled system emphasized the interplay
between intestinal permeability and hepatic metabolism.
Similarly, Sakai et al.'*® developed a small intestine-liver
platform using hiPSC-derived intestinal epithelial cells
and primary hepatocytes to explore co-culture effects,
showing enhanced function for both cell types under
perfusion. GoC technology has transformed investigations
of intestinal physiology, drug metabolism, microbiota-host
interactions, and disease modeling. Continued efforts to
refine device designs, integrate multiple organ systems, and
incorporate patient-derived materials will further extend
the applicability of this emerging technology.

The development of Multi-OoCs is driven by the need for
comprehensive models that replicate whole-body dynamics.
Nguyen et al.'*’ combined human kidneyand liver organoids
via microfluidic channels to study the biodistribution and
therapeutic efficacy of mesenchymal stromal cell-derived
extracellular vesicles. This system successfully recapitulated
human physiological responses and allowed in-depth
analysis of extracellular vesicle accumulation and recovery
from kidney injury, showcasing the potential of multi-
OoC models for systemic therapy evaluation. Li et al.'®
developed an intestine-kidney-on-a-chip to investigate the
nephrotoxicity associated with intestinal drug absorption,
highlighting how drug combinations influence toxicity and
absorption, demonstrating the platform’s predictive power
in evaluating drug-induced side effects.

The application of multi-OoCs to drug metabolism and
absorption has advanced understanding of inter-organ
interactions. Kurniawan et al."®' demonstrated this with
a gut-liver MPS, which revealed crosstalk mechanisms
modulating drug metabolism. Co-culturing iPSC-derived
intestinal cells with primary human hepatocytes enhanced
CYP activity through metabolic interactions involving
arachidonic acid, underscoring the role of organ crosstalk
in hepatic metabolism and improving in vitro prediction
of drug responses. Shah et al.'** introduced a multi-OoC

platform combining the HuMiX GoC and Dynamic42
liver-on-a-chip to simulate the gut-liver axis. This system
provided insights into host-microbe interactions at the
gastrointestinal interface, emphasizing multi-OoC utility
for studying microbiome-driven drug effects and disease
mechanisms.

These multi-OoC platforms can simulate the complex
interplay of organ systems, accelerating drug discovery
and improving human-specific disease modeling. Wang
et al."® developed an MPS integrating alveolus and BBB
chips to model the neurological effects of SARS-CoV-2
infection. Direct BBB exposure to the virus caused mild
disruption, while medium from the infected alveolus chip
induced more severe BBB damage, including endothelial
dysfunction, pericyte detachment, and neuroinflammation.
Transcriptomic analysis revealed altered actin cytoskeleton
expression in brain endothelial cells and increased
inflammatory gene expression in glial cells. The study
further showed that low viral loads in the lungs can
trigger early cerebral microvascular damage, suggesting
systemic inflammation, rather than direct viral invasion,
drives COVID-19 neurological symptoms. This lung-
brain MPS highlights the BBB’s role in relaying peripheral
inflammation to the brain and provides a platform to
investigate extrapulmonary complications.

Unlike single-organ systems, which replicate individual
functions, multi-OoCs recreate physiologically accurate
connections and crosstalk among organs, making them
highly relevant for studying PK, PD, and drug-induced
toxicity. Gao et al."** used a microfluidic co-culture model
to study macrophage-cardiomyocyte interactions in
inflammation-mediated myocardial injury. This approach
revealed metabolic pathways driving oxidative stress
and inflammation, enabling precise drug screening and
identification of cardioprotective compounds. Ronaldson-
Bouchard et al."” further advanced multi-OoC technology
by integrating heart, liver, bone, and skin tissues within
a vascularized flow system. This platform recapitulated
doxorubicin's PK and PD profiles, identified -early
microRNA biomarkers of cardiotoxicity, and maintained
tissue-specific phenotypes for four weeks, demonstrating
superior predictive accuracy for systemic drug effects
compared to isolated tissues.

Multi-OoC models are increasingly used to assess
systemic effects of drug absorption, metabolism, and
toxicity, improving preclinical testing. Herland et al'®
presented a multi-OoC platform that predicts human PK
and PD from in vitro data. The system integrates fluidically
coupled OoCs representing gut, liver, kidney, and bone
marrow to mimic first-pass absorption, metabolism, and
excretion. Using computational models with experimental
input, they accurately predicted PK parameters for orally
administered nicotine and intravenously injected cisplatin.

Volume x Issue x (2026)

doi: 10.36922/0R026020001


https://doi.org/10.36922/OR026020001

Predictions of organ toxicities were validated against
patient data. This coupled model offers a more realistic
simulation of human drug behavior, with potential for
enhanced drug discovery, trial design, and personalized
medicine. The study also underscores the importance of
endothelial barriers in replicating physiological processes,
marking a step forward in in vitro-to-in vivo translation for
drug development (Figure 6e).

2.3. Integration of (multi-)organoid-on-a-chip
2.3.1. Motivation for integration

Organoids represent a major advance for mimicking
human organ-specific, multilineage cellular composition
and functions. However, their lack of perfusable vasculature
and limited environmental control reduce physiological

relevance. Conversely, OoC systems excel at regulating
microenvironmental stimuli, such as fluid flow and
mechanical forces, but fall shortin replicating complex tissue
architecture and diversity. Integrating these approaches
offers the opportunity to overcome such deficiencies and
develop platforms that better emulate human physiology.
%5 Organoids provide biologically relevant cellular
composition, while OoCs contribute geometric precision,
perfusion, and mechanical stimuli to mimic organ-level
interactions. Integration could vascularize organoids,
improving nutrient delivery and reducing necrotic core
formation, a critical limitation of traditional models.'
Beyond structural gains, providing flow and electrical or
mechanical stimuli in OoC-integrated systems helps create
more physiological microenvironments.'*

Figure 7. Representative organoid-on-a-chip systems. (a) Bioengineered human mini-colons supporting colonic epithelial homeostasis. Reprinted
with permission from Mitrofanova et al.'” Copyright © 2024 The Author(s). (b,c) Cardiac organoid-on-a-chip platform used to evaluate polystyrene-
nanoplastic-induced cardiotoxicity. Reprinted with permission from Zhang et al.'*® Copyright © 2024 American Chemical Society. (d) Perfusable chip
for three-dimensional culture and differentiation of brain organoids. Reprinted with permission from Wang et al."*® Copyright © 2018 The Royal Society
of Chemistry. (e) On-chip differentiation and generation of functional liver organoids from hiPSCs. Reprinted with permission from Wang et al.'*®

Copyright © 2018 The Royal Society of Chemistry.
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2.3.2. Representative organ-specific organoid-on-a-
chip

(a) Intestinal organoid-on-a-chip

Kasendra et al.'®' established a primary human small
intestine-on-a-chip using biopsy-derived organoids,
combining donor-derived epithelium with controlled
luminal flow. Workman et al.’* developed iPSC-derived
intestinal organoid-on-a-chip with multiple epithelial
subtypes and cytokine responsiveness, although tubular
geometry and mesenchymal, neural, and immune
compartments remain difficult to reproduce. Nikolaev et
al'® created perfusable scaffold-guided mini-intestines with
continuous removal of dead cells and regenerative capacity.
The iFlow platform further introduced self-assembled
vasculature for studying immune-cell recruitment during
colon inflammation, while luminal accessibility remained
a limitation.'®*

Mechanically engineered devices have further enhanced
modeling accuracy. Kim et al.¥'” developed a GoC that
can be coupled with a porous microfluidic setup and
imitated peristalsis-like motion, enabling long-term
bacterial co-culture and functional studies of inflammation
and bacterial overgrowth. Sontheimer-Phelps et al.'®®
developed a colon-on-a-chip, reproducing the bilayered
mucus structure needed for barrier function and mucus
hydration signaling during inflammation. The integration
of microbiota into OrgoC platforms has also been pivotal.
Trujillo-de Santiago et al.'® and Ballerini et al.* highlighted
microbiota-on-a-chip systems’ role in studying host-
bacterial interplay, using advanced fabrication methods
and stem cell technologies to recreate these dynamic
interactions.

(b) Heart organoid-on-a-chip

The development of heart organoid-on-a-chip (Heart-
OrgoC) is emerging as a promising approach for modeling
cardiac function and pathology. Combining stem
cell-derived cardiac organoids with OoC technology
improves structural and functional fidelity while enabling
precise control of microenvironmental factors. Heart-
OrgoC systems integrate electrical and mechanical
stimuli to simulate native cardiac dynamics, as shown by
micropatterned cardiac organoids that promote vascular
network formation and contractile function through
geometric confinement.'”'%* Shirure et al.'* highlighted that
vascularized cardiac organoids generated on microfluidic
platforms can reproduce human heart functions and
dynamic tissue perfusion in vitro, extending their use in
disease modeling and drug testing. Min et al.'”° refined this
approach by incorporating cardiac fibroblasts, endothelial
cells, and cardiomyocytes derived from hiPSCs within a
perfusable ECM, achieving maturation and effective drug
screening.

Bioprinting methodologies have been instrumental
in replicating the geometric and functional complexity of
the heart. Kupfer et al.'”' fabricated electromechanically
functional chambered organoids through bioprinted
hiPSC constructs, advancing the field toward functional
macroscale cardiac tissues suitable for disease modeling
and therapeutic applications. However, challenges
remain in achieving complete spatial differentiation and
physiologically relevant ejection fractions in chambered
structures.'® Efforts to improve the scalability and
consistency of cardiac organoids are reflected in advances
by Hoang et al.'®, where micropatterning facilitated the
reproducible engineering of multilineage cardiac organoids
for developmental toxicity testing. These approaches
underscore the versatility of Heart-OrgoCs as platforms
that support both foundational research and clinical
translation.

The utility of Heart-OrgoCs in cardiotoxicity studies is
illustrated by Mathur et al.'’?, who developed cardiac MPS
capable of predicting drug-induced toxicity with human-
specific responses, bypassing the interspecies extrapolation
limit of animal models. Concurrently, Zhang et al.’*® applied
a hybrid approach integrating OoC technology with cardiac
organoids to study nanoplastic-induced cardiotoxicity,
uncovering stage-specific mechanisms such as oxidative
stress and fibrosis, and revealing heightened toxicity under
pathological conditions (Figure 7b and 7c¢). Likewise, Mills
et al'” combined human cardiac organoids with high-
throughput techniques to identify potential therapeutics,
including BET inhibitors effective against SARS-CoV-2-
induced cardiac dysfunction.

Overall, heart-OrgoCs have made significant progress
in replicating cardiac functionality, structural organization,
and responses to pathological stimuli. Remaining
challenges—such as achieving fully vascularized,
multi-chambered constructs with native physiological
parameters—present opportunities for further integration
of bioprinting, microfluidics, and tissue engineering. These
systems are poised to advance cardiac disease modeling,
drug discovery, and regenerative medicine.

(c¢) Brain organoid-on-a-chip

Brain OoCs (BOoCs) combine organoid technology
with microfluidics, creating a biomimetic environment
that overcomes limitations of conventional brain
organoid models, such as variability, immaturity,
and lack of vasculature. These systems enable precise
microenvironmental control for advanced studies in
neurodevelopment and related disorders. Wang et al.'®
engineered a perfusable BOoC platform to generate hiPSC-
derived 3D brain organoids by incorporating 3D Matrigel
within an OoC system in a controlled manner. The top
layer of the chip consisted of two parallel culture chambers
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for the 3D culture and formation of brain organoids,
separated by a central channel that served as the fluid
flow passageway, which contained trapezoidal pillar array
structures for interconnection.

Under perfusion, the brain organoids displayed
neural differentiation, regionalization, and cortical
organization that captured key features of early human
brain development (Figure 7d). Compared with static
culture, fluid flow increased the expression of cortical-
layer markers T-box brain transcription factor 1 (TBR1)
and COUP-TF-interacting protein 2 (CTIP2), linking
the engineering intervention directly to enhanced
developmental patterning. Perfusion also supported
extended culture and reduced the transport limitations
associated with conventional static organoids. However, the
platform did not recreate a functional vascular or immune
compartment, and excessive shear or unstable flow could
introduce new variability. Appropriate quality-control
readouts therefore include organoid size, viability, cortical
marker expression, regional organization, and flow stability
rather than maturation claims based on morphology alone.

Similarly, researchers from the same team used
micropillar array chips to generate uniform hiPSC-
derived brain embryoid bodies, facilitating studies of
neurodevelopment and breast cancer-derived exosome
effects on the carcinogenesis of brain organoids.'”?

A study reported the development of a BOoC platform
that generates multiple signaling gradients to induce
forebrain organoids with distinct dorsal-ventral structures,
closely mirroring human brain development.'* Unlike
traditional methods, which struggle to form gradients and
organized regions, this BOoC uses a multi-layer microfluidic
chip to precisely control molecular gradients without shear
forces, fostering more structured growth. Temperature-
responsive hydrogels provide stable 3D support, enhancing
in vivo-like development and long-term culture viability.
This approach advances neurodevelopmental and
disease modeling by creating more realistic, controlled
environments for brain organoid research.

A key application of BOoC systems is modeling prenatal
environmental exposures, such as nicotine or drugs, which
are difficult to study in vivo. Wang et al.'> showed that
nicotine exposure induced premature differentiation and
disrupted cortical structure in BOoC, showcasing the
platform’s power in revealing developmental anomalies
caused by teratogenic substances. Similarly, Cui et al.'”®
utilized a cortical organoid-on-a-chip to demonstrate how
valproic acid exposure inhibits neuronal differentiation
and impairs regional organization. The transcriptomic
similarities of these valproic acid-exposed organoids to
autism patient brains underline the platform’s promise in
studying neurodevelopmental disorders such as autism.

Beyond environmental exposure models, organoid-on-a-
chip platforms are instrumental in addressing mechanical
and biophysical phenomena in brain development.
Karzbrun et al'”” leveraged a confined microfabrication
setup to mimic surface folding and wrinkling, elucidating
the opposing forces of cytoskeletal contraction and nuclear
expansion during tissue morphogenesis. This model
recapitulates the biophysical basis of gyrification and
smooth-brain pathologies, providing insights into related
neurodevelopmental disorders.

Integration of immune dynamics with the BOoC
system has strong potential for studying brain aging
and neuroimmune interactions. Ao ef al.'”® developed a
microphysiological platform combining dynamic flow
with cortical organoids exposed to monocytes, showing
that aged monocytes promoted aging marker expression
in organoids and demonstrating the platform’s utility
for modeling immune-mediated brain aging and related
diseases. However, advancing functional maturation
of brain organoids remains a challenge. Incorporating
endothelial cells into microfluidic designs is essential for
vasculature formation. For example, cerebral organoids
fused with vascular organoids recapitulate neovascular
interactions, addressing necrotic core formation when
growth surpasses the millimeter scale.

(d) Liver organoid-on-a-chip

Liver organoid-on-a-chip provides controlled perfusion
during stem-cell differentiation and long-term 3D culture,
helping overcome diffusion and functional limitations of
static systems. Ma et al.'”” designed a perfused liver-on-
a-chip for efficient in situ culture of 3D hepatic spheroids,
demonstrating how device geometry can support stable
spheroid perfusion. Wang et al.'*° formed embryoid bodies,
induced hepatic differentiation, and generated hepatocyte-
and cholangiocyte-containing organoids within the
micropillar chip shown in Figure 7e. Perfused cultures
showed improved viability, expression of SOX17, FOXA2,
ALB, and CYP3A4, and albumin and urea production
relative to static culture. Dose- and time-dependent
acetaminophen toxicity linked engineering control to
drug-testing performance. Remaining bottlenecks include
functional vasculature, physiologically faithful zonation,
and long-term stability; useful quality-control outputs
include oxygen, albumin, urea, CYP activity, and tissue
viability.

Liver organoid-on-a-chip technologies represent
an  interdisciplinary  innovation that combines
microengineering and stem cell biology. These systems
show strong potential as platforms for drug toxicity
screening, disease modeling, and personalized medicine.
Wang et al.'*® modeled NAFLD using hiPSC-derived liver
organoid-on-a-chip with induced pathological features,
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such as lipid droplet formation, triglyceride accumulation,
and expression of fibrogenic markers, through sustained
exposure to free fatty acids in perfused 3D cultures. This
platform has provided new insights into the progression
mechanisms of NAFLD. Furthermore, the integration
of liver organoids into microfluidic systems allows for
dynamic studies of inter-organ crosstalk and the effects of
spatial heterogeneity on zonation-related drug metabolism,
which remain critical challenges in liver modeling.'®

Their ability to replicate complex liver functions and
pathologies continues to expand, though challenges such as
vascularization and zonation require further refinement to
approach clinical and industrial applicability. PSC-derived
liver organoids exhibit improved structural and functional
characteristics compared to static culture systems. The
integration of liver progenitor-derived organoids into

on-chip platforms promotes advanced features such as bile
canaliculi formation and higher CYP expression levels,
demonstrating the advantages of perfusion culture for
mimicking in vivo-like microconditions.'® Despite these
advancements, limitations remain, such as the lack of
functional vasculature within organoid systems. While pre-
vascularized liver spheroids and microfluidic systems with
perfusable vascular beds have been developed, functional
cellular fenestrae, characteristic of liver sinusoidal
endothelial cells, are often lacking, which hinders fully
recapitulating physiological liver processes.'® With the
advent of differentiation protocols for liver sinusoidal
endothelial cells, replacing endothelial cells such as human
umbilical vein endothelial cells (HUVECs) may further
enhance the physiological relevance and zonation in liver-
on-a-chip systems.'s?

Figure 8. Representative multi-organoid and interconnected microphysiological system (MPS) platforms. (a) Human induced pluripotent stem cell
(hiPSC)-derived multi-organoid-on-a-chip model of the human liver-pancreatic—islet axis. Reprinted from Tao et al.'* (b) Autologous hiPSC-derived
four-organ chip. Reprinted from Ramme et al.'® (c) High-throughput microfluidic integration of three-dimensional induced hepatic tissue with internal
organoids. Reprinted with permission from Jin et al.'* Copyright © 2018 Wiley-VCH. (d) Seven- and 10-MPS platforms and their flow-partitioning

architecture. Reprinted from Edington et al.'¥
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2.3.3 Multi-organoid-on-a-chip

Multi-organoid-on-a-chip systems place two or more self-
organized tissues in connected but controllable microfluidic
compartments to examine inter-organ signaling,
metabolism, and toxicity. Unlike multi-OoC platforms
built primarily from engineered tissue modules, these
systems emphasize the cellular diversity and developmental
organization of organoids while using flow to regulate
communication between them. Representative applications
include liver—islet metabolic crosstalk, autologous multi-
tissue culture, and metabolism-dependent drug toxicity;
their shared engineering challenges are physiological
scaling, common medium compatibility, flow partitioning,
and reproducible organoid quality.

A critical advancement in multi-organoid-on-a-chip
systems has been recreating physiological vasculature and
fluid flow to mimic in vivo communication. Ronaldson-
Bouchard et al.'” developed a vascular flow-linked system
integrating mature heart, liver, bone, and skin tissues
separated by an endothelial membrane. This system
modeled doxorubicin PK and cardiotoxicity, emphasizing
the importance of controlled vascular communication.
Wikswo et al.’®® highlighted scaling and systems biology as
essential components for maintaining physiological ratios
and designing universal culture media for multi-organ
systems, with particular focus on mHu (milliHuman) and
pHu (microHuman) models. Schutgens et al.'® further
demonstrated the adaptability of kidney tubuloids cultured
in a microfluidic system replicating epithelial transport,
highlighting their potential for personalized nephrotoxicity
assays. Such improvements ensure that organoids retain
specific phenotypic and functional characteristics over
time.

Multi-organoid-on-a-chip  systems have enabled
exploration of metabolic inter-organ interactions, such as
the liver-islet axis. Tao et al.'®* developed a microengineered
multi-organoid system from iPSC-induced liver-islet
organoids that recapitulates glucose-stimulated insulin
secretion and glucose metabolism (Figure 8a). The system
contains two compartmentalized regions that enable
3D co-culture of liver and islet organoids for up to 30
days through a connected microchannel network under
circulatory perfusion conditions. The multi-organoids
exhibited favorable growth of both liver and islet organoids
and improved their tissue-specific functions, facilitating
increased glucose utilization and sensitive glucose-
stimulated insulin secretion. The multi-organoid-on-a-
chip recapitulates the human-relevant liver—islet axis under
both physiological and pathological conditions. It displays
decreased glucose transport capacity and mitochondrial
dysfunction under high-glucose conditions for utility
in type 2 diabetes modeling, as well as alleviation after
metformin treatment for utility in therapeutic testing.

Aizenshtadt et al." presented a pump-less islet-liver-
on-a-chip that reproduces features of metabolic crosstalk
under physiological and high-fat diet conditions, providing
new insights into the mechanisms of type 2 diabetes and
metabolic dysfunction-associated steatotic liver disease.

These systems offer powerful tools for translational
research, disease modeling, and precision medicine. The
gut-liver-brain interaction is associated with systemic
diseases, such as neurodegeneration. Trapecar et al.'”!
established a gut-liver-brain chip focused on Parkinson’s
disease, revealing that microbiome-associated short-chain
fatty acids promoted pathology-associated pathways in
the brain while influencing immune-specific interactions
across tissues; they also used a gut-liver-lipocyte chip to
explore IBD, showing paradoxical inflammatory effects of
short-chain fatty acids depending on T-cell involvement,
clarifying the role of metabolism, immunity, and injury.'?
Koenig et al.'”* developed a brain-liver chip that combines
BBB models with liver organoids to study drug permeability
and metabolism, enabling simultaneous monitoring of
parent drug and metabolites across organ compartments.
These innovations demonstrate the capability of multi-
organoid-on-a-chip systems to model the intricate interplay
along inter-organ axes.

Multi-organoid systems can be used to predict
drug efficacy and off-target toxicity. McAleer et al.'?
demonstrated the on-target effects and metabolism-
dependent cardiotoxicity of tamoxifen using linked human
liver, bone-marrow, and cardiac organoid modules. Yin
et al*** established a liver-heart organoid-on-a-chip with
hiPSC-derived tissues to evaluate the cardiotoxicity of
antidepressants after hepatic metabolism, highlighting
metabolism-dependent effects of clomipramine on cardiac
function. Li et al'*® developed an intestine-kidney chip
for assessing drug absorption and nephrotoxicity, enabling
organ-specific toxicity testing within a connected platform.

These multi-organoid MPS will enhance patient-specific
disease modeling and enable quicker, more accurate,
cost-effective testing of drugs and clinically relevant
pharmacological assessments by reducing inter-donor
variability. Ramme et al.'®> developed a four-organ chip
integrating brain, liver, intestine, and kidney tissues derived
from a single donor’s iPSCs, which shared the same genetic
background. The four-organ chip was designed to host cell
culture spaces for intestinal organoids, liver spheroids, renal
organoids, and neurospheres in an arrangement mimicking
the in vivo situation. The successful co-culture of the
four autologous tissue models in one common medium
deprived of tissue-specific growth factors allowed crosstalk
studies over two weeks. The four organ models were placed
in distinct compartments to host cell culture spaces for
neurospheres, liver spheroids, intestinal organoids, and
renal organoids. This dynamic fluidic circulation is adjusted
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Figure 9. Representative 3D-bioprinting strategies for organoids and engineered tissues. (a) Bioprinting-assisted tissue emergence using self-organizing
building blocks. Reprinted with permission from Brassard et al."”> Copyright © 2020 The Author(s), under exclusive license to Springer Nature Limited.
(b) Multivascular networks and functional intravascular topologies in biocompatible hydrogels. Reprinted with permission from Grigoryan et al.'*®
Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. (c) Microgel-hydrogel
hybrid for mechanically stable, cell-dense vascularized liver tissue. Reprinted with permission from Wang et al.'"”” Copyright © 2025 Wiley-VCH GmbH.
(d) Multimaterial 3D printing of instrumented cardiac microphysiological devices. Reprinted with permission from Lind et al."*® Copyright © 2016
Springer Nature Limited.
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to enable physiological nutrition and oxygen supply similar
to human blood circulation, connecting the organs and
mimicking the in vivo situation of the human body (Figure
8b).

Many studies have attempted to establish a multi-organ
model by integrating other internal organoids using the
high-throughput microfluidic array platform. The liver
plays a major role in drug metabolism; the intestine and
the stomach play important roles in drug absorption and
the metabolism of xenobiotics. Jin et al.'* developed a 3D
vascularized liver organoid model using induced hepatic
cells and simultaneously integrated intestinal and stomach
organoids for drug screening and toxicology testing.
The induced hepatic cells, generated via nonviral direct
reprogramming of mouse embryonic fibroblasts, were
co-cultured with human endothelial cells in a decellularized
liver ECM hydrogel. This model was incorporated into a
microfluidic device, a triculture multi-organ model of
induced hepatic tissues, stomach organoids, and small
intestinal organoids co-cultured with HUVECs, creating
a dynamic, in vivo-like environment that supported cell
functionality. The 3D liver organoids showed enhanced
hepatic functions, including albumin secretion, urea
production, CYP activity, and drug responses, making it a
promising platform for high-throughput screening (Figure
8¢).

Multi-organoid MPS can mimic complex biological
processes and enable crosstalk involving organ-organ
interaction, system homeostasis, and PK. Edington et al.’¥’
demonstrated an approach to co-culture multiple multi-
organoid MPS linked together physiologically on open-
system, reusable microfluidic platforms for quantitative
study of a range of compounds or drugs (Figure 8d). They
described three different platform designs mixing chambers
up to 4-way, 7-way, and 10-way with independently
programmable flow rates and internal re-circulation to
enhance nutrient exchange. The on-board pneumatically
driven pumps were used to provide precise control of
drug distribution and flow partitioning over both intra-
and inter-MPS. They reported the first co-culture of seven
interacting MPS, adding brain, heart, and pancreas to the
initial four platforms (liver/immune, lung, gut/immune,
and endometrium), and maintained functional cultures
for three weeks. Using this seven-way system, they studied
the PK of diclofenac, finding strong agreement between
predicted and measured drug concentrations. A subsequent
10-way MPS platform, incorporating kidney, skin, and
skeletal muscle in addition to the seven MPS, operated
successfully for four weeks. Its success relied on 26 pumps
and robust design features that minimized contamination
risks. Future efforts should prioritize scaling laws, universal
medium compatibility, and refined vascular integration to
broaden their translational applications.

3. Integration of microengineering and
sensors in organoids and organ-on-a-chip

3.1. Integration of microengineering

Integration of microengineering, such as 3D bioprinting
and acoustic bioassembly, with OoC models improves
biomimicry and dynamic organoid behavior, bridging the
gap between organoids and OoC systems."* 3D bioprinting
strategies are gaining significant attention due to their
ability to precisely control the spatial arrangement of cells or
organoids. Bioprinting technologies are generally classified
into three categories: inkjet-based bioprinting®-2%,
extrusion-based  bioprinting?***, and photocuring
bioprinting?*®-2%, based on fundamental printing principles
with cell-containing biomaterials. In particular, volumetric
bioprinting is one of the cutting-edge photocuring
bioprinting techniques, and drawing inspiration from
holography and multi-angle projection techniques enables
the rapid construction of centimeter-scale 3D sophisticated
structures within tens of seconds.”®-?'' 4D bioprinting
further improves this field by adding the temporal
dimension based on stimuli-responsive printing ink,
allowing constructs to dynamically evolve under controlled
stimuli.?’*?"* 3D and 4D bioprinting have revolutionized
the scalability, reproducibility, and complexity of organoids
and provided an essential tool for disease research and
regenerative medicine? Acoustic bioassembly excels
in creating heterocellular architectures with high cell
density, overcoming conventional bioprinting’s limitations
in cellular rearrangement after deposition. Overall, the
convergence of advanced technologies into organoids/
OoC systems has significantly enhanced their precision,
dynamic control, and physiological relevance.?®

3.1.1. Bioprinting-assisted tissue emergence

Thespatial control afforded by 3D bioprinting enables precise
integration of multiple cell types and ECM components,
essential for mimicking in vivo architectures.?'**'” Brassard
et al'® introduced bioprinting-assisted tissue emergence
(BATE), combining stem cells and organoid-forming cells
with ECMs to guide large-scale tissue self-organization
and create centimeter-scale tissues that feature complex
structures, such as lumens, vasculature, and intestinal
epithelia, with in vivo-like features, including crypts and
villi. They utilized a syringe-based extrusion system, which,
combined with microscopy-based bioprinting, allowed
precise control over cellular density, tissue geometry,
and the placement of multiple cell types. By controlling
the geometry, BATE enabled tissues to self-organize into
functional structures, mimicking organ development
of various tissues, including epithelial, vascular, and
connective tissues, successfully forming self-organized
intestinal tubes, fibrous structures, and vascular networks.
BATE was used to construct multi-tissue models, such as
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gastrointestinal tubes that contained both intestinal and
gastric zones. The results demonstrated the potential of
BATE for creating highly relevant tissue models that can
be used for drug discovery, diagnostics, and regenerative
medicine, providing a scalable and reproducible method
for engineering complex tissue structures with functional
relevance to in vivo systems (Figure 9a).

(a) Bioprinting perfusable vasculature within organoids

Integration of periosteum-derived organoids with
3D-printed scaffolds illustrates how printed architectures
can support vascularized bone regeneration.””® More
generally, perfusable vascular models are needed to
improve nutrient and oxygen transport in large engineered
tissues. Grigoryan et al.”® used food dyes as photoabsorbers
in stereolithographic printing to create intricate, perfusable
vascular topologies within biocompatible hydrogels.
The printed networks supported flow, red-blood-
cell oxygenation, intervascular nutrient delivery, tidal
ventilation in lung-like structures, and engineered liver
tissues (Figure 9b).

To address the challenge of limited nutrient and oxygen
supply in organoid cores, a study introduced an approach
to enhance human brain organoid growth and integration
by printing meshed microporous vessels.** By using two-
photon polymerization 3D printing technology, it created
artificial vessels with dense micropores to improve nutrient
delivery, overcoming the common issue of hypoxia and
apoptosis that restrict organoid size and maturation. These
3D-printed vessels supported greater proliferation, reduced
cell death, and enabled the growth of larger, more mature
organoids. The vascularized organoids showed enhanced
neuronal differentiation and calcium signaling, indicating
improved maturation. The vessels also promoted the fusion
of multi-regional organoids, including cortex, striatum,
and medial ganglionic eminence, facilitating cell migration
and neuronal projections. This method offers a promising
platform for simulating brain development, studying
neurological disease, drug screening, and advancing
complex brain organoid engineering.

(b) Embedded bioprinting of hierarchical vascular tissue

In large-scale tissue engineering, constructing vascular
networks that withstand physiological pressures is key for
successful implantation.”” Building upon their previous
research, Wang et al'” addressed the limitations of
current extrusion-based 3D printing, which struggles to
replicate complex hierarchical vascular structures, and the
mechanical inadequacy of existing bio-inks. Their work
introduces a novel approach using crosslinkable microgels
to enhance the mechanical stability of the bio-ink. By
integrating these microgels into a soft GelMA-based bio-
ink, they successfully created a material that provides an
ideal microenvironment for encapsulated HUVECs and

induces the spontaneous formation of microvascular
networks. The material's robust functionality enabled
implanting the 3D-printed multi-branched tissue into
a rat model, where it was directly connected via surgical
anastomosis to the rat’s carotid artery and jugular vein.
This proof of concept showed that the engineered tissue
could withstand the shear stress of blood flow, marking a
significant step forward in fabricating large, vascularized
tissues and offering a new path for treating organ failure in
the future (Figure 9c¢).

In the treatment of acute liver failure, where a substantial
number of functional cells are required, high-cell-density
3D bioprinting is promising and key to successful rapid
vascularization.””’ However, conventional hydrogels lack
the mechanical strength to withstand the shear forces of
physiological blood flow.?*> Addressing this challenge, Wang
et al.*>* developed a novel heterogeneous microgel-hydrogel
hybrid bio-ink capable of encapsulating high-cell-density
hepatocytes and supporting the embedded bioprinting of
hierarchical vascular structures. By optimizing the ratio of
microgels to biomacromolecules, this composite forms a
covalently crosslinked network that provides the necessary
mechanical stability to resist blood flow shear and facilitates
direct vascular anastomosis, ensuring efficient nutrient
and oxygen exchange. They illustrated the overall strategy,
which involves using this novel composite to construct
implantable vascularized liver tissue for rapid functional
compensation. The study validated the material’s efficacy
in an animal model, offering a new direction for tissue
regenerative therapy.

Other research teams have also made remarkable
contributions in the field of 3D bioprinting. Xu et al.**
developed a double-network dynamic hydrogel to address
the mechanical instability of traditional dynamic hydrogels
during 3D printing. This novel bio-ink, composed of
a dynamic hydrogel and a covalently crosslinked non-
dynamic hydrogel network, maintains structural integrity
and facilitates vascular morphogenesis through its unique
matrix dynamics, providing a new strategy for tissue
vascularization. Duan et al?* focused on bone tissue
regeneration, using 3D bioprinting to fabricate pre-
vascularized bone organoids for the rapid reconstruction
of cranial bone defects. By combining mesenchymal
stromal cells, HUVECs, and osteogenic microparticles,
they successfully achieved rapid in situ vascularized bone
formation, offering a highly effective solution for critical-
sized bone repair. Li et al?* leveraged human CiPSCs
to create functional hepatocyte organoids, which were
then bioprinted into a hepatic tissue model. This model
demonstrated significant therapeutic efficacy in a mouse
model of liver failure, highlighting its potential for clinical
research in liver regenerative medicine. In a groundbreaking
integration of bioelectronics and bioprinting, Kong et
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al? developed an implantable biohydrogel battery. This
innovative device possesses mechanical properties that
match biological tissues and can generate dual-mode
currents to support both tissue regeneration and cardiac
pacing, offering a promising solution for next-generation
transient bioelectronics.

(c) Multi-material bioprinting for organ-on-a-chip

Multi-material bioprinting offers additional possibilities
for creating heterogeneous, hierarchical tissue structures.’?
Lind et al.**® introduced a novel approach for fabricating
instrumented cardiac MPS using multimaterial 3D printing.
The device integrates soft strain gauge sensors within
micro-architectures that guide cardiac tissue self-assembly,
enabling non-invasive electronic monitoring of contractile

stress in vitro. Using six functional inks, the team printed
complex, multilayer cantilever structures that supported
laminar cardiac tissues derived from human and neonatal
rat cardiomyocytes. These devices generated high-fidelity
functional tissues and provided continuous readouts of
contractile strength, offering a platform for long-term
studies of cardiac function and drug responses. They also
enabled real-time tracking of contractile development
over weeks and detailed dose-response studies with drugs
such as verapamil and isoproterenol. This 3D printing
method simplifies fabrication of customized devices,
reduces the complexity of traditional methods, and opens
new possibilities for cardiac tissue engineering, toxicology
testing, and personalized medicine (Figure 9d).

Figure 10. Representative acoustic bioassembly strategies. (a) Acoustic assembly of human cerebral-cortex-like microtissues from human induced
pluripotent stem cell (hiPSC)-derived neural progenitors and neurons. Reprinted with permission from Wang et al.** Copyright © 2023 Wiley-VCH
GmbH. (b) Size- and density-dependent acoustic differential bioassembly of spatially defined heterocellular architectures. Reprinted from Gu et al.*
(c) Acoustically tunable intradroplet organoid assembly for high-throughput tumor-model construction. Reprinted with permission from Wang et al.**!

Copyright © 2024 Elsevier B.V.
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3.1.2. Acoustic bioassembly

Traditional bioprinting and bioassembly methods, such as
extrusion and inkjet printing, excel at depositing cells in
controlled patterns but often fail to reproduce the closely
packed, spatially defined heterocellular architectures
of natural tissues. Sonic assembly, which uses acoustic
waves to manipulate and assemble cellular structures, has
emerged as a powerful technique for fabricating 3D tissue
architectures. Acoustic forces, particularly bulk acoustic
waves, can precisely and non-invasively pattern cells.
Wang et al**® demonstrated that acoustic bioassembly
can generate six-layer concentric tissue architectures
resembling the cytoarchitecture of the human cerebral
cortex. In this approach, hiPSC-derived neural progenitors
and neurons were assembled using acoustics, then
differentiated and cultured. The resulting tissue model
reproduced key features of human cortical tissue, including
synaptic connections and neuroelectrophysiological
activity, providing a platform to study neurodegenerative
diseases (Figure 10a).

(a) Acoustic differential bioassembly technique

An acoustic bioassembly approach addresses limitations
of other 3D tissue engineering methods by enabling the
construction of structured, functional tissues that retain
integrity over time. Gu et al.**® introduced an acoustic
differential bioassembly technique that manipulates
Faraday waves to position different cell types within a single
construct (Figure 10b). This method leverages cell size and
buoyant density to differentially assemble cells beneath
nodal or antinode regions, forming complementary or
sandwich cytoarchitectures. For example, hiPSC-derived
liver spheroids and endothelial cells were organized into
hexagonal patterns mimicking hepatic lobules, with
spheroids at nodal regions and endothelial cells at antinodes.
This spatial arrangement enhanced liver-specific functions,
including albumin secretion and urea production,
demonstrating the method’s ability to recapitulate tissue
functionality. The process is rapid, requiring only seconds,
and avoids sequential printhead alternation typical of
traditional bioprinting. Its high-throughput capability and
tunability position acoustic bioassembly as a promising
alternative for constructing physiologically relevant tissue
models.

(b) Droplet-based acoustic assembly

Acoustic bioassembly excels in creating heterocellular
architectures with high cell density using a droplet-based
platform to construct tumor spheroids and other cellular
aggregates (Figure 10c).”! The system uses acoustic waves to
pattern droplets containing cells into defined 3D structures.
Researchers formed diverse configurations, including
spherical, linear, and cross-shaped structures by adjusting

frequency and amplitude. This method’s high throughput
and flexibility enabled the generation of thousands of
organoid models in a short time, with consistent size and
high viability. The droplets were crosslinked into hydrogel-
based scaffolds mimicking ECM, essential for cell survival
and function. Results showed this approach markedly
improved tumor model formation efficiency compared to
traditional methods. This droplet-based acoustic assembly
thus provides an effective platform for drug screening
and disease modeling, with applications in oncology and
tissue engineering. Together, these studies highlight the
versatility and promise of sonic assembly for developing
functional, complex tissue models. While challenges in
scale, vascularization, and data universality remain, the
synergy of acoustic and Al-driven workflows offers a strong
foundation for future advances in regenerative medicine.

3.2. Integration of sensors in organoids and organ-
on-a-chip systems

Theintegration of sensorsinto OoCsystemsrevolutionizes in
vitroorgan modeling by enabling real-time and non-invasive
monitoring of biochemical, biophysical, and biomechanical
cues. This facilitates the dynamic evaluation of organoid
functionality and microenvironment interactions.”® Key
sensor categories in OoC platforms include mechanical
sensors, electrochemical sensors, optical sensors, and
flexible sensing, each tailored to specific bioanalytical needs
based on target signals and sensing principles.?***** Zhang
et al.?* developed an integrated modular platform for OoC
systems that incorporates physical, biochemical, and optical
sensors, enabling dynamic and automated monitoring of
organoid microenvironments to enhance drug screening
and personalized medicine. The system operates within
a custom-designed benchtop incubator, maintaining
appropriate conditions for the experiment, pneumatic
valving powered by nitrogen controlled via a MATLAB-
driven Wago controller, and integrates electrochemical
sensors for real-time biomarker detection. Physical
sensing, including flow rate monitoring and detection of
channel blockages, is achieved with a data acquisition card
and LabVIEW software. The platform is designed to be
modular, with components such as microbioreactors for
organoids, electrochemical sensors, and fluid reservoirs
interconnected for seamless fluid flow. This innovative
approach allows for in situ, automated monitoring of both
biophysical and biochemical parameters over extended
periods, offering significant improvements over traditional
models for drug screening and OoC research.

3.2.1. Mechanical sensors

Mechanical sensors and actuators are important for
reproducing and quantifying blood-vessel shear stress,
lung expansion, and cardiac contraction. Mechanical cues
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Figure 11. Representative microengineering, stimulation, and sensing strategies in organoid and organ-on-a-chip systems. (a) Fluid-solid dynamic
curved interface and drug-release design in a microfluidic organ chip. Reprinted with permission from Su et al.*** Copyright © 2024 AIP Publishing.
(b) Microfluidic platform for controlled electromechanical cell stimulation. Reprinted from Pavesi et al.?** (c) Sensor-glass chip with integrated
electrochemical microsensors and microchannels for multi-analyte monitoring. Reprinted from Dornhof et al*” (d) Custom microelectrode-array
design for a human neuromuscular-junction chip. Reprinted with permission from Duc et al.**® Copyright © 2021 The Royal Society of Chemistry. (e)
Brainoware setup coupling a brain organoid to a high-density multielectrode array (MEA). Reprinted with permission from Cai et al.”** Copyright ©
2023 The Author(s), under exclusive license to Springer Nature Limited. (f) Sacrificial-scaffold-mediated two-photon lithography process for colloidal
crystals and microhydrogels. Reprinted from Liu et al.* (g) Engineered cardiomyocyte tissue integrated with a biohybrid structural-color hydrogel film.
Reprinted with permission from Fu et al.**' Copyright © 2021 American Association for the Advancement of Science.
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such as shear, compression, and cyclic strain can alter
organoid growth and maturation.?* Gut models have used
controlled basolateral flow and deformation to regenerate
3D epithelial architecture and villus-like structures.*”
Dynamic mechanical control therefore supports studies
of tissue remodeling, PK, and disease mechanisms.
More broadly, the convergence of neural regulation and
mechanobiology provides a systems-level framework for
studying interactions between the nervous system and
peripheral organs.?*

Dynamic curved interfaces between tissues and
body lumens are common in vivo, but reproducing
their geometry and mechanical environment in vitro
remains challenging. Su et al.** developed a microfluidic
organ chip containing two fluid-solid curved interfaces,
including a deformable PDMS membrane that enabled
controlled cyclic strain and flow-induced shear stress. The
platform was used to examine Piezol expression, calcium
signaling, and YAP nuclear translocation in endothelial
and epithelial cells under combined mechanical stimuli.
Analytical modeling, numerical simulation, particle image
velocimetry, and optical coherence tomography were used
to characterize the mechanical environment. The system
also reproduced location-specific conditions at a carotid
bifurcation, illustrating how controllable curved interfaces
can support mechanobiology studies and site-specific drug
testing (Figure 11a).

Mechanical ~ stimulation  influences the  cell
microenvironment and drives stem cell differentiation
processes. Combining these simulations, OoC systems
can reproduce complex native microenvironments and
delineate the individual or synergistic effects of each
stimulation on the function, differentiation, development, or
regeneration of the tissue or organ. Pavesi et al.>* developed
a microfluidic cell stimulator with integrated mechanical
sensors to deliver simultaneous mechanical, electrical, and
biochemical stimuli to human bone marrow mesenchymal
stem cells, enabling detailed analysis of cellular responses.
The multilayer PDMS device includes a pneumatic layer
for mechanical stretching, a conductive layer for applying
a uniform electric field, and a fluidic layer for biochemical
delivery, with strain values calibrated to physiological levels
via vacuum pressure regulation. Optimized through finite
element method analysis, the platform allowed precise
control over each stimulus, showing that mechanical
stimulation induced morphological changes and actin
cytoskeletal reorientation perpendicular to strain. The
device also enabled cell harvesting for quantitative reverse
transcription polymerase chain reaction, demonstrating
upregulated cardiac myocyte marker expression under
mechanical and electrical stimuli, with mechanical strain
exerting a stronger effect. Compatible with fluorescence
imaging, this system provides a versatile tool for studying

mechanotransduction, offering insights into stem cell
differentiation and tissue engineering (Figure 11b).

To assess mechanical stress in cardiac tissues,
researchers developed pneumatic microfluidic platforms to
simulate cardiac hypertrophy under controlled conditions.
These devices enable the high-throughput evaluation of
mechanical stress, drug effects, and tissue phenotypes in real
time. 2*>2% Lind et al.'® developed an instrumented cardiac
microphysiological device featuring embedded mechanical
sensors to measure single-cell contractile stresses within
laminar cardiac tissues. The device integrates soft strain
gauges, composed of carbon black-filled thermoplastic
polyurethane, within multilayer cantilevers to provide
non-invasive electronic readouts of tissue mechanics. These
sensors, with a gauge factor of 2.51 + 0.09, enabled precise
monitoring of contractile stresses (7-15 kPa) in neonatal rat
ventricular myocytes and hiPSC-derived cardiomyocytes
over extended periods. The platform supported real-time
analysis of drug responses, including the inotropic effects
of verapamil and isoproterenol, and tracked contractile
development of hiPSC-derived cardiomyocyte tissues over
28 days, revealing increased twitch stress and sarcomere
maturation. Validation against optical tracking confirmed
the reliability of sensor readouts, underscoring their utility
in mechanobiology. This approach advances the study
of single-cell mechanics in engineered tissues, offering a
robust tool for drug screening and tissue engineering.

Cardiac MPS can quantify contractile forces and
pharmacological responses using compliant hydrogels
and microfabricated structures.?***® Soft force-sensing
diaphragms enable sensitive, non-invasive measurements
of cardiac-organoid contraction under dynamic stimulation
and drug exposure.?* These devices form part of a broader
transition from endpoint assays toward instrumented
spheroid- and organoid-on-a-chip platforms.?’

3.2.2. Electrodes and electrochemical sensors

Electrode sensing enables stimulation and recording in
neuromuscular and neural systems, while electrochemical
sensors can track pH, oxygen, glucose, lactate, and other
soluble biomarkers. Enzyme-functionalized amperometric
sensors integrated into microfluidic culture networks
support continuous metabolic measurements.”® Device
architecture, materials, and flow design determine sensor
accessibility, stability, and biological compatibility.*!
In GoC systems, potentiometric sensing has been used
to monitor Hg(II) transport under dynamic exposure
conditions.>

Electrode sensing employs microelectrodes to interface
with biological tissues, enabling the study of cellular
responses. In human NM]J research, Duc et al.*® developed
a microfluidic platform integrated with custom MEAs
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to stimulate motor neuron axons and record muscle
action potentials (Figure 11d). Their MEA contained 59
electrodes tailored for human NM]J-on-a-chip platforms,
with distinct sets for motor neuron cell bodies, axons,
and muscle fibers. Rectangular muscle electrodes (200 x
60 um), aligned with microstructured grooves, ensured
precise recording of muscle activity, while axon electrodes
stimulated motor neuron axons crossing microchannels.
Stimulation with four pulses at 1 Hz reliably triggered
muscle action potentials, revealing diverse responses such
as “on-oft” patterns and fatigue, indicative of functional
synapse formation. This approach surpasses calcium
imaging in sensitivity, providing a robust tool for studying
NMJ disruptions.

Similarly, Cai et al.**® employed high-density MEAs in
their Brainoware system to interface with brain organoids,
enabling reservoir computing through spatiotemporal
stimulation and neural activity recording (Figure 1le).
Brainoware mounted brain organoids on high-density
MEAs to perform adaptive reservoir computing, processing
spatiotemporal electrical inputs that elicited nonlinear
dynamics and fading memory in organoid neural networks.
Stimulation with bipolar pulses (200 mV, 300 us) enabled
unsupervised learning, demonstrated by improved speech
recognition accuracy (from 51 to 78%) and Hénon map
prediction (regression score rising from 0.356 to 0.812)
after training. This work highlights electrode sensing’s
potential to mimic brain functionality for AI hardware
and underscores its role in bridging in vitro models with
functional analysis.

Integrated electrodes can quantify both soluble
biomarkers and electrophysiological activity in disease-
specific MPS. Son et al.” developed an engineered brain-
spinal cord assembloid in which cerebral organoids and
motor-neuron spheroids were connected and monitored
using MEAs. Caffeine increased neural spiking in the
motor-neuron region only when the cerebral component
was present, supporting functional signal transfer through
the assembloid.

Nicolas et al.>** developed the OrganoTEER instrument
to measure transepithelial electrical resistance (TEER) in
perfused epithelial tubules within the OrganoPlate platform,
advancing electrochemical sensor technology for barrier
function analysis. The system evaluated 40 Caco-2 intestinal
and renal proximal tubule epithelial cultures grown against
an ECM, eliminating the need for artificial membranes.
TEER measurements, conducted via a multielectrode
setup, showed high sensitivity, detecting a 50% reduction
in Caco-2 TEER values after exposure to inflammatory
cytokines and rapid barrier disruption within 40 minutes
of staurosporine treatment, outperforming fluorescent
leakage assays. Time-lapse monitoring over 25 hours under
flow conditions further validated the system’s real-time

capability. This electrochemical approach provides a robust
tool for high-throughput, membrane-free TEER analysis,
enhancing studies of epithelial barrier dynamics in OoC
systems for drug development and disease modeling.

Multi-analyte electrochemical sensing can continuously
track oxygen, glucose, and lactate in matrix-based 3D
tumor cultures. Dornhof et al.*’ integrated amperometric
oxygen and enzyme-based glucose/lactate sensors into a
microfluidic platform containing triple-negative breast-
cancer stem-cell spheroids. The system monitored metabolic
responses to hypoxia and drug exposure for approximately
one week, providing continuous information unavailable
from endpoint assays (Figure 11c). Biosensor-integrated
OoC reviews further emphasize calibration, long-term
stability, and automated sampling as prerequisites for
pharmacological use.”*

3.2.3. Optical sensors and structural colors

Optical sensors based on fluorescence, luminescence,
photonic  structures, and light scattering enable
spatially resolved analysis of tissue remodeling and
molecular interactions. Organic field-effect transistors
provide a complementary route for chemical and
biomolecule sensing.>® AND-gated DNA nanosensors
have visualized glutathione and apurinic/apyrimidinic
endodeoxyribonuclease 1 (APE1) in cells and organoids,
supporting selective fluorescence imaging of tumor-
associated molecular states.** Ordered micro- and nanoscale
hydrogels can also organize cancer-on-a-chip cultures
and provide optically accessible structured matrices.””
Hydrogel-based microfluidic scaffolds are widely used in
3D tissue engineering, including cartilage models, although
the scaffold itself is not necessarily a sensor.*®

Optical biosensors can convert molecular secretion or
tissue remodeling into non-invasive readouts. Localized
surface plasmon resonance sensors have been used for
in situ monitoring of insulin secretion in islet-on-a-chip
systems.” Light-scattering biosensing has quantified
tissue-level remodeling in an inflammatory synovium-
on-a-chip.*® Thyroid-on-a-chip platforms provide a
complementary endocrine example in which organoid
function and endocrine-disruption responses are measured
in a controlled microenvironment.”' Structural-color
barcodes and related photonic materials offer additional
routes for label-free visualization in biomimetic culture
platforms.>

Structural colors arise from interactions between light
and periodic micro- or nanoscale architectures rather
than from molecular pigments. Cardiomyocyte-driven
deformation of anisotropic inverse opals can shift photonic
bandgaps and thereby translate contraction into an optical
signal**® Ordered colloidal and hydrogel microstructures
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can be fabricated through scaffold-mediated printing vertical forces in living cells over time.** These approaches
approaches (Figure 11f).*° Photonic-crystal cellular-force illustrate how material structure can provide label-free
microscopy similarly uses optical spectral shifts to quantify = mechanical readouts for tissue models.

Figure 12. Flexible bioelectronic interfaces for three-dimensional organoid monitoring. (a) Hydrogel-actuated e-Flower multielectrode array (MEA)
for brain-spheroid electrophysiology. Reprinted with permission from Martinelli et al>** Copyright © 2025 American Association for the Advancement
of Science. (b) Shape-adaptive shell MEAs for three-dimensional spatiotemporal electrophysiology of cardiac organoids. Reprinted with permission
from Choi et al.**® Copyright © 2025 Wiley-VCH GmbH. (c) Stretchable electronics for three-dimensional organoid interfacing. Reprinted from Lee
and Liu.*’ (d) Kirigami electronics enabling long-term recording from suspended human cortical organoids. Reprinted with permission from Yang et
al.*® Copyright © 2024 The Author(s), under exclusive license to Springer Nature America, Inc. (e) Three-dimensional multifunctional neural interfaces

for cortical spheroids and assembloids. Reprinted with permission from Park et al.**® Copyright © 2021 American Association for the Advancement of
Science.
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Structural colors are increasingly being applied in
advanced sensing technologies. Incorporation of the
hydrogel into a microfluidic platform established a “HoC”
with microphysiological visuality, allowing real-time
monitoring of cardiomyocyte behavior through color shifts.
Fu et al**' developed a biohybrid structural color hydrogel
by integrating engineered cardiomyocyte tissues with
inverse opal GelMA films, enabling autonomic regulation
of structural colors (Figure 11g). These films were fabricated
using silica colloidal crystal templates, where etched silica
nanoparticles produced ordered nanoporous structures
exhibiting photonic bandgap properties, reflected as vivid
colors. Cultured cardiomyocytes aligned on the GelMA
substrate generated cyclic elongation and contraction,
dynamically altering the nanostructure and causing
synchronous photonic bandgap shifts (e.g., reflection
peaks from 605 to 570 nm), mimicking chameleon-like
color regulation. Validation with isoproterenol stimulation
confirmed its potential for drug screening and biological
research. This hydrogel’s sensitivity to cellular forces,
translating them into observable optical signals, provides
a stable and durable platform for studying cardiac
pathophysiology and advancing structural color-based
sensing in OoC applications.

3.2.4. Flexible sensing

Flexible sensing technologies enable conformable interfaces
for bioelectronics and structural monitoring.”**”! Data-
driven inverse design can optimize the geometry and
sensitivity of flexible pressure sensors, while programmed
microlattice architectures provide a route to controllable
3D curved mesosurfaces.”>*”* These design strategies are
relevant to shape-adaptive organoid interfaces because they
connect material architecture with mechanical conformity,
sensitivity, and device integration.

When 2D planar MEAs are used to monitor the electrical
activity of 3D organoids, their limited spatial structure
imposes significant constraints on signal acquisition.
Recently, flexible electrodes based on shell MEAs have
addressed this limitation. Huang et al.”’* designed a
solvent-responsive, self-folding shell MEA that exploits the
reversible solubility of SU8 in acetone and water to achieve
precise encapsulation of brain organoids. The device’s three
channels aligned with distinct brain regions discharged
simultaneously, and it successfully detected increased
neuronal excitability following glutamate stimulation. In
comparative studies, mature brain organoids cultured on
shell MEAs and conventional 2D MEAs revealed that only
a few electrodes in 2D MEAs captured electrophysiological
activity. While the spike duration recorded by both
systems was similar, the shell MEA detected more spikes
with a higher signal-to-noise ratio, demonstrating greater
functional completeness relative to 2D MEAs.

A key advantage of the shell MEA is that it secures
brain organoids without chemical or biological fixation,
relying instead on the mechanical properties of its flexible
electrodes. Inspired by soft microgrippers, Martinelli
et al?® introduced a flower-shaped MEA (e-Flower)
that can detect spontaneous neural activity across the
submillimeter brain spheroids’ surface (Figure 12a). The
e-Flower can envelop spheroids; its actuation mechanism
leverages the swelling properties of polyacrylic acid
hydrogel by the sole addition of cell culture medium.
The e-Flower does not require additional solvents and
equipment to record electrophysiology for preformed 3D
tissues after grafting a swelling hydrogel to a polyimide
substrate hosting the electrical interconnects. The
e-Flower demonstrated its potential for comprehensive
neural signal recording by achieving a curvature with a
value tunable by the hydrogel cross-linker concentration
and choice of reswelling media. Organoid-encapsulating
shell MEAs with programmable and shape-adaptive
features are presented as novel technology that enables
comprehensive 3D electrophysiological mapping. Choi et
al*¢ demonstrated on-chip-fabricated devices using shell
MEAs that feature customizable geometries and electrode
layouts tailored to cardiac organoids’ unique morphology
for 3D spatiotemporal electrophysiology (Figure 12b).
The shell MEAs displayed the long-term spatiotemporal
field potential dynamics in spontaneously beating cardiac
organoids by generating conduction velocity maps and
high-resolution 3D isochrones. This advanced bioelectronic
interface-based platform enables high-content 3D
spatiotemporal functional analysis of electrophysiological
findings for cardiac disease modeling and pharmacological
screening.

Flexible sensing has revolutionized bioelectronics,
particularly in interfacing with 3D biological constructs
such as organoids. Stretchable electronics enable chronic
organoid interfacing, supporting long-term and stable
monitoring. Lee and Liu** emphasized the development
of stretchable electronics for electrophysiological recording
from brain organoids, advancing organoid intelligence
for computational models and illustrating how structural
flexibility drives functional innovation (Figure 12c).
These studies highlight organoid/electronics hybrids, or
“cyborg organoids,” which maintain conformal contact
despite morphological changes during development. This
capability enables single-cell resolution recordings across
3D volumes, a significant improvement over rigid planar
electrode arrays. To enhance mechanical compatibility,
they advocate for intrinsically soft materials, such as
elastomers combined with conductive nanomaterials
such as graphene or carbon nanotubes. These materials
minimize mechanical mismatch with soft tissues, ensuring
chronic stability. Integration with multimodal profiling
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Figure 13. Synergistic engineering and integration. (a) Synergistic engineering of organoids and organ-on-a-chip. Reprinted with permission from
Takebe et al.?”> Copyright © 2018 Elsevier. (b) Construction and cultivation methods of organoids based on bioreactor, organoid-on-a-chip, and 3D
bioprinting. Reprinted with permission from Li et al.”’® Copyright © 2025 De Gruyter Brill. (c) High-throughput organ-on-a-chip platform with
integrated real-time sensing in drug development workflows. Reprinted with permission from Azizgolshani et al.”’” Copyright © 2025 Royal Society of
Chemistry. (d) An intelligent intestine-on-a-chip for rapid screening of probiotics with relief-enteritis function. Reprinted with permission from Wu et
al.'%® Copyright © 2025 Wiley-VCH GmbH. (e) Intelligent organ-on-a-chip systems with comprehensive in situ bioanalysis. Reprinted with permission
from Li et al.*® Copyright © 2024 Wiley-VCH GmbH.
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techniques, such as in situ sequencing, further expands
the ability to uncover molecular underpinnings of cellular
function, underscoring the power of flexible sensing in
biological research.

Modeling neural development and disease by realizing
the full potential of organoids and assembloids will require
long-term, minimally invasive recording of electrical
activity. Inspired by the art of kirigami, Yang et al*®
introduced a novel platform termed “kirigami electronics”
(KiriE) for chronic recording from cortical organoids
(Figure 12d). KiriE transitions from 2D to a 3D basket-
like structure, allowing accommodation of organoids in
suspension for up to 120 days without compromising
their morphology or cytoarchitecture. This design ensures
minimally invasive and long-term monitoring, addressing
limitations of conventional penetrating electrodes.
They demonstrated KiriE’s versatility by integrating it
with optogenetic and pharmacological manipulations,
successfully capturing corticostriatal connectivity in
assembloids. The spiral or honeycomb patterns of KiriE
provide structural adaptability, making it a robust tool for
studying neural development and disease phenotypes, thus
advancing flexible sensing applications in neuroscience.

Microfabricated 3D frameworks have been used as
a qualitatively distinct type of multifunctional neural
interface to spheroids or assembloids. Their complex
architectures, high performance, and high-resolution
features with optical, electrical, chemical, and thermal
interfaces highlight the design versatility to control
geometries, shapes, and sizes to match organoids/spheroids.
Park et al*® introduced a mechanically compliant,
multifunctional 3D mesostructure (3D MMF) as a flexible
sensing interface for cortical spheroids and assembloids
(Figure 12e). Formed through controlled buckling of 2D
precursors, these frameworks integrate microelectrodes,
light-emitting diodes, and thermal actuators, enabling
simultaneous electrical, optical, and thermal interactions.
This multifunctionality supports high-fidelity recording
of neural activity across spheroid surfaces, surpassing
traditional 2D microelectrode arrays. The 3D MMF
adapts to spheroid growth through elastic deformation
of its elastomeric substrate, maintaining soft contact with
minimal tissue damage. Park et al. demonstrated its utility
in studying synchronized bursting events and neurite
bridge dynamics in assembloids, providing insights into
neural connectivity and recovery. This platform exemplifies
how flexible sensing integrates diverse functionalities for
comprehensive neural interfacing.

Sensor selection should begin with the physiological
question rather than the sensing mechanism. Mechanical
sensors are suited to force, deformation, and flow-related
questions; electrochemical sensors provide sensitive
measurements of electrophysiology, barrier integrity, and

soluble metabolites; optical approaches enable spatially
resolved, often label-compatible observation; and flexible
interfaces improve contact with growing 3D tissues
but introduce fabrication and calibration complexity.
Online monitoring is most valuable when the biological
state changes rapidly, or sampling would disturb the
microenvironment. For closed-loop operation, sensor
outputs can be used to adjust flow, oxygenation, or
stimulation, but drift, biofouling, material incompatibility,
and signal crosstalk require reference measurements and
periodic recalibration.8232-234237:265-269

4, Synergistic engineering: integrated
design, monitoring, and applications

Synergy in MPS is achieved when biological complexity,
engineering control, and measurement capability are
co-designed around a defined physiological question.
Simply placing an organoid in a microfluidic device is
not sufficient; the integrated system should demonstrate a
measurable gain in maturation, function, reproducibility,
predictive performance, or experimental control relative
to either component alone. Table 1 compares how these
complementary features produce distinct gains and
limitations across major MPS classes.

4.1. Co-design of biological complexity and
engineering control

Organoids and OoC platforms are complementary rather
than interchangeable. Organoids provide self-organized
multicellular architecture, whereas OoC devices provide
spatial control, perfusion, mechanical or electrical cues,
and experimental access. Their integration should therefore
align organ-specific cell hierarchies with microscale
geometry, transport, stimulation, biocompatible sensing,
reproducibility, and scalable manufacturing (Figure 13a).*”

Bioprinting and acoustic assembly offer complementary
routes for controlling tissue geometry. Bioprinting enables
material and cell placement but must balance resolution,
throughput, and cell viability; acoustic assembly rapidly
patterns dense cellular structures but requires careful control
of scale, material properties, and post-assembly maturation.
Tunable hydrogels can provide mechanical and biochemical
cues while supporting vascular or compartmentalized
structures. Compared with conventional 3D culture,
organoid-on-a-chip systems add controlled transport and
stimulation, whereas 3D bioprinting adds reproducible
spatial organization (Figure 13b).>

4.2. Sensor-enabled monitoring and quality control

Sensor integration must balance miniaturization and
sensitivity with biocompatibility, signal stability, and
minimal disturbance of the cultured tissue. Long-term
measurements require controls for drift, biofouling,
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Table 1. Comparative framework for synergistic engineering across microphysiological system classes

Biological Engineering and . e e s Representative use and
Platform class S . . Synergistic gain Main limitation .
organization monitoring evidence
Batch variability,
. Self-organized Limited perfusion; Captures development atch vanablity .
Conventional . . . diffusion limits, Developmental and patient-
. multicellular 3D mostly endpoint and patient . o . ans
organoids . . incomplete specific disease modeling.'*
tissues readouts heterogeneity .
maturation
Defined tissue Controlled flow, Reduced self-

Single-organ-
on-a-chip

interfaces and
selected cell types

strain, gradients, and
accessible sensors

Reproduces dynamic
organ-level functions

organization and
cellular diversity

Barrier, toxicity, and
pharmacology studies."'>%

Organoid-on-
a-chip

Self-organized
organoids within
engineered
compartments

Perfusion plus
mechanical, electrical,
or biochemical cues

Links biological
complexity to
controllable
maturation and
function

Vascularization,
standardization, and
long-term stability

Mechanistic development
and functional drug
testing.lﬁ,w?,lﬁo

Multi-organ-
on-a-chip

Linked tissue
modules representing
different organs

Shared circulation,
scaling rules, and
optional closed-loop
control

Captures inter-organ
PK/PD and systemic
responses

Medium
compatibility,
flow scaling,
and validation
complexity

Systemic toxicity and drug
disposition.!742143

Two or more

Compartment-specific

Combines patient-

Co-maturation,

Multi-organoid-  organoid modules, . specific biology batch effects, and Metabolic-axis and multi-
. . culture with controlled o . . - lseissasr
on-a-chip potentially donor- . . with inter-organ unequal tissue tissue safety studies.'8+185187
interconnection o
matched communication demands
Sensor-enabled ~ Applicable across Continuous sensing Turns measurements Drift, biofouling, Adaptive screening,

closed-loop

single- and multi-

linked to adaptive flow,

into reproducible

calibration, and

quality control, and

MPS tissue systems oxygen, or stimulation

feedback control

signal crosstalk automation.34277.278

Abbreviations: MPS: Microphysiological systems; PD: Pharmacodynamics; PK: Pharmacokinetics.

calibration, and signal crosstalk. Azizgolshani et al.*”
developed a 96-device OoC platform with programmable
flow, optical access, and integrated electrical and oxygen
sensing for liver, vascular, gastrointestinal, and kidney
models (Figure 13c). This architecture illustrates how
sensor outputs can support standardized release criteria
and higher-throughput drug-development workflows.

4.3. Intelligent screening and translational applications

Inflammatory bowel disease, including ulcerative colitis
and Crohn’s disease, involves dysregulated immune
responses and disturbances in the gut microbiota. Wu et
al.'® developed a high-throughput intestine-on-a-chip
with controlled oxygen conditions, intestinal cell-probiotic
co-culture, barrier measurements, inflammatory readouts,
and an unsupervised machine-learning score analyzer. The
system ranked 12 Bifidobacterium strains for their ability
to relieve enteritis-associated phenotypes, illustrating how
microfluidic standardization and multimodal analysis can
accelerate functional probiotic screening (Figure 13d).

Integrated MPS combines tissue architecture, dynamic
microenvironments, and continuous measurement to

support more reproducible functional characterization
(Figure 13e).”® When validated sensor outputs are linked
to actuators, closed-loop control can adjust flow, oxygen, or
stimulation in response to tissue state. In drug screening,
disease modeling, and personalized medicine, these
systems may improve mechanistic resolution and human
relevance; however, predictive claims require comparison
with clinical or established preclinical data.

5. Discussion: challenges and future prospects
5.1. Challenges of organoids

The reproducibility of organoid research is a critical
determinant of experimental credibility, yet remains
challenged by system complexity and biological variability.
Donor cell heterogeneity—including inter-donor variation
and intra-individual iPSC-derived discrepancies—
significantly influences organoid formation dynamics and
phenotypic outcomes. Genetic and epigenetic diversity
within donor populations further compounds these
challenges. Current organoid culture methods are labor-
intensive, rely on costly reagents, animal-derived ECM
components, and non-standardized protocols. Culture
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conditions, such as ECM composition (e.g., Matrigel
vs. synthetic hydrogels), introduce batch-dependent
morphological and functional variation. Synthetic
hydrogel-based ECM scaffolds show promise but require
further optimization for industrial-scale production and
regulatory compliance. Additional factors, including
media formulation inconsistencies, oxygen gradient
fluctuations, and growth factor concentration disparities,
also compromise repeatability.

Bioreactor-integrated approaches and automated
cultivation technologies aim to improve throughput and
reduce manual intervention; however, these remain in early
stages and require significant refinement to achieve clinical-
grade manufacturing standards. To address these issues,
standardized protocols, automated cultivation systems, and
quantitative imaging analytics are essential for reducing
user-induced variability and improving reproducibility.

Current organoid models predominantly reflect fetal
or developmental tissue stages rather than mature adult
physiology, lacking integrated systems such as vasculature,
neural networks, and immune components. This
developmental immaturity restricts their use in studying
adult-onset disease pathogenesis. Firstly, vascularization
deficiency remains a fundamental limitation in organoid
systems, restricting nutrient diffusion, promoting necrotic
core formation, and thereby limiting long-term viability
and maturation. Conventional organoid systems face
restricted nutrient and oxygen diffusion gradients that
hinder tissue maturation and long-term sustainability. A
critical obstacle in organoid development is mitigating
necrotic core formation in volumetric specimens.
Advanced vascularization strategies, such as endogenous
vascular network self-assembly or pre-vascularized
scaffold integration, have improved assembloid systems
by enhancing tissue viability. Likewise, the absence of
neural integration reduces physiological complexity in
neuro-organoid models. Technical inefficiencies also
persist in tumor-derived organoid establishment, including
low success rates and difficulties in purifying malignant
cells during expansion. Bioengineering innovations—
including 3D bioprinting architectures, microfluidic OoC
integrations, and multicellular co-culture platforms—are
being developed to overcome these limitations, though
challenges in scalability and technical complexity remain
unresolved.

Clinical translation of organoid technologies faces
complex regulatory and logistical barriers. Scaling
production to meet clinical-grade specifications requires
quality assurance, biosafety protocols, and reproducibility
metrics.”” Utilization of animal tumor-derived matrices
(e.g., Matrigel) introduces biocompatibility complications
because they fail to meet Good Manufacturing Practice
criteria. In parallel, advances in synthetic ECMs have

reduced batch variability traditionally associated with
animal-derived  hydrogel = matrices.”®  Establishing
international consensus on regulatory frameworks for
organoid-based diagnostic and therapeutic applications
is imperative to realize their clinical potential. Organoid
research has ethical implications spanning donor consent
protocols to ontological status considerations. Conventional
biobanking paradigms employing consent/anonymization
dichotomies prove inadequate for organoid repositories
given their genetic donor linkage, creating personalized
medicine privacy risks.” Furthermore, commercialization
processes and equitable access to organoid-derived
innovations necessitate robust governance architectures
with  explicit benefit allocation mechanisms. 2>
Implementing transparent policies addressing donor
engagement, consent granularity, and commercialization
boundaries remains crucial for upholding ethical standards
in organoid research.?*

5.2. Challenges of organoids/organ-on-a-chip

Organ-on-a-chip systems face major challenges in
replicating the full physiological complexity of human
organs. Vascularization remains a key bottleneck, as
establishing robust vascular networks is essential for
mimicking organ-specific perfusion, oxygen gradients,
and drug distribution. While multi-OoC platforms have
demonstrated feasibility for PK-PD modeling, optimizing
nutrient transport and metabolite clearance is critical to
enhance inter-organ physiological relevance. The lack of
standardized culture media formulations or harmonized
hiPSC protocols often leads to cellular dedifferentiation
and functional decline during long-term culture. In
addition, polymeric substrates such as PDMS adsorb small
molecules, undermining reproducibility in drug screening
models. Operational barriers—including high production
costs and limited throughput—further constrain adoption
in resource-limited environments.

Scaling organoid and OoC production for high-
throughput applications also presents technical challenges.
Current OoC designs face limitations due to microfluidic
complexity and non-physiological media-to-cell ratios.
Open-well configurations and 3D bioprinting strategies
offer scalable integration without sacrificing biological
fidelity. Automation of cell culture protocols further
supports standardization while increasing drug screening
throughput. Integrated OoC systems hold strong
potential for individualized therapeutic strategies. Recent
progress highlights human-on-a-chip platforms capable
of concurrent multi-organ functional modeling. These
systems aim to replicate holistic physiological responses,
improve translational accuracy, and reduce reliance on
animal models. However, scaling introduces technical
challenges, including cell sourcing standardization,
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medium optimization, and interconnectivity adaptation.

Operational quality control should combine morphology,
composition, function, and stability rather than relying on
a single endpoint. Minimum metrics should include size
distribution and structural features, cell-type composition
and spatial organization, organ-specific functional outputs,
barrier or electrical performance where relevant, and the
duration of stable culture. Major sources of variability
include donor and cell batches, ECM lots, flow and shear
conditions, PDMS adsorption, bubbles, and sensor drift.
Alignment across laboratories therefore requires reference
materials, standard curves, predefined acceptance ranges,
minimum reporting standards, and cross-platform
benchmarking. These measures convert reproducibility
from a general aspiration into a documented release
criterion for research and manufacturing workflows.?*¢

To make current reporting gaps directly visible, Table
Al records the seven requested engineering and biological
parameters for representative chip-based and bioprinted
platforms. Reported values were checked against the cited
primary studies; “not reported” denotes an applicable
parameter for which no explicit value was found, whereas
“not applicable” identifies platforms without the relevant
structural element. A panel-level audit of scale bars and
objective magnifications for every reused microscopy block
is provided in Table A2; metadata that were not reported
or could not be assigned unambiguously are flagged
individually.

5.3. Future prospects

Regulatory policy should be described as a pathway for
qualified new approach methodologies, not as a universal
replacement of animal studies. Section 3209 of the
Consolidated Appropriations Act, 2023 (often called the
FDA Modernization Act 2.0) broadened the statutory
concept of a nonclinical test so that scientifically valid in
vitro, in silico, and other non-animal methods may be used;
it did not prohibit animal studies or designate organoids
and OoC systems as preferred preclinical models.?*>?* The
118th-Congress FDA Modernization Act 3.0 (S. 5046)
passed the Senate on December 12, 2024, but the House did
not pass it before that Congress ended, so the 2024 bill did
not become law.*®” On April 10, 2025, the Food and Drug
Administration (FDA) released a roadmap for reducing
animal testing in preclinical safety studies. The program
begins with monoclonal antibodies and proposes phased
expansion to other product classes, using fit-for-purpose
validation, defined contexts of use, and weight-of-evidence
assessment.”® Organoids and OoC systems may therefore
contribute regulatory evidence when they are sufficiently
reliable, standardized, and relevant to the specific safety
or efficacy question; they should not be presented as
automatically replacing all animal studies.

The synergistic engineering of organoids and OoC, along
with their integration with microengineering and sensing,
makes it possible to more accurately simulate human
physiological and pathological states, providing stronger
support for drug development and disease research.
The future of this field lies in the seamless integration
and synergy of many technologies. The combination of
organoids and OoC with AI and big data technologies
has brought new opportunities to biomedical research
and precision medicine. The integration of organoid-on-
a-chip with Al enables image analysis and processing of
organoids. Integrating with machine learning algorithms,
it achieves a more efficient and higher-quality organoid
construction method by identifying the spatial structure of
matrix gels, fine-tuning cell culture conditions, identifying
active inducing factors, and evaluating external stimuli.
Al-assisted precise fluorescence coloring of grayscale
organoid images from bright-field microscopy can be
performed to identify and characterize cell type-specific
information, helping researchers better observe and analyze
the development of organoids and their responses to drugs.
Digital twin organ models combined with experimental
data from organoids can perform virtual simulations of real
organs for disease prediction and diagnostic assistance and
develop more precise treatment plans.

The integration of organoid-on-a-chip with big data
analysis provides rich materials and data support for drug
development and disease research. Organoid models
can obtain multi-level data on the growth, development,
and drug responses under different conditions, covering
information on genes, proteins, cells, and tissues. In disease
research, organoids simulate disease states in multi-OoC
systems; macroscopic big data analysis integrates multi-
source data and different factors on the occurrence and
development of organ diseases to mine potential patterns
and conduct in-depth exploration of disease mechanisms
and the development of new treatment strategies. In drug
development, analyzing a large amount of organoid drug
test data can be used to predict the efficacy and safety of
drugs, explore the mechanism of drug action, and screen
drug targets. Personalized treatment plans can also be
developed for patients by analyzing the vast amount of data
generated from organoids with AT and integrating clinical
data and treatment experiences from big data. These
advanced systems will not only deepen our understanding
of in vivo and in vitro human biology but also open up new
avenues for the development of novel therapeutics and
personalized healthcare solutions.

6. Conclusion

Organoids and OoC systems provide complementary
strengths: organoids reproduce self-organized multicellular
architecture, whereas chips enable controlled perfusion,
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mechanical stimulation, inter-tissue communication,
and continuous measurement. Their integration with
bioprinting, acoustic assembly, and embedded sensors
can improve maturation, reproducibility, and functional
assessment, but added complexity does not by itself
establish  physiological relevance. Translation will
require standardized cell sources and matrices, fit-for-
purpose quality-control metrics, stable long-term culture,
transparent reporting of engineering parameters, and
validation against clinical or established preclinical data.
Sensor-enabled and computationally assisted platforms
may support adaptive experiments and higher-throughput
screening, provided that calibration, drift, biofouling, and
model bias are controlled. Progress therefore depends on
co-designing biological complexity, engineering control,
and measurement around clearly defined questions. With
rigorous benchmarking and responsible governance,
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Appendix

Table A1. Reported quantitative parameters for principal chip-based and bioprinted platforms discussed in this review

Platform Ref. C,h anne‘l Memb‘rane Shear stress l?emdence Oxysen D‘ﬂfuslon Cell density
dimensions porosity time gradient distance
Device 1-2 cm
long; central .
Human channels 10-pm-thick 15 dyn/cm?
. e PDMS . Not Not
breathinglung 11 millimeters (endothelial Not reported Not reported
. . membrane; o reported reported
chip wide (exact preconditioning)
. 10-pum pores
cross-section not
reported)
Gut chip with Culture channel f)(l))—;\l/lnsl_thmk
microbiome 1 mm wide x 10 5 Not Not
. 87 membrane; 0.02 dyn/cm Not reported Not reported
and cyclic mm long x 0.15 reported reported
. . 10-um pores at
deformation mm high .
25-um spacing
Primary sinusoid
Microneedle- channels, radius HA/PV HepaRG 2 x
assisted hepatic 88 100, 150, or Pore size not Not reported Not dissolved O, Not 107 cells/mL;
acinus chi p 200 pm; porous reported P reported set to 3.5/1.5 reported HHSEC 4 x
P inserts 10 x 5 x mg/L 10° cells/mL
0.1 mm
Fluid chamber Not applicable
Higher- 11.5x 11.5 mm (single open Not Not 1% 10° cells/
throughput 89 and 2.5 mm deep;  chamber; no Not reported Not reported ,
. . reported reported cm
heart-on-a-chip MTFs about 1.2 x  separating
0.3 mm membrane)
Urinary channel ~ 50-pm-thick 0.0007 dyn/cm’
1 x 1 mm; PDMS . .
Human . (urinary) and Not Not 4 x 10* cells
.90 microvascular membrane; ) Not reported
glomerulus chip 0.017 dyn/cm reported reported per channel
channel 1 x 0.2 7-pm pores at .
R (microvascular)
mm 40-pm spacing
No spatial
o
. ; p
Neurovascular- Channel height channels Maximum 3.4 Not uniform Not § > 10° cells/
. . 133 400 pm; blood- ) " mL; BMEC/
unit-on-a-chip . . separated by dyn/cm reported conditions reported .
side width 1 mm pericytes 1 X
a hydrogel were about 10 cells/mL
boundary) 20% and 2%
OZ
Liver: 6 x 10°
Liver s?affoh':l 0.25 Gut Transwell hepatocytes
Integrated gut- 140 mm thick with membrane: 0.4-  Not reported Not Not reported Not +6x10°
liver MPS 301 channels of o P reported P reported Kupffer cells;
} um pores 5
0.3-mm diameter gut: 1 x 10
cells/cm?
45 GelMA O, scavenger Controlled
1 -1 PDM
S;];Zi oop microdots in memlfrane branches 5%,
: i [ 0 6
controlled 142 tbe l?l(?reactor 20 um; O Not reported Not 13 Ay,.and 20%  Not 1 x 10° cells/
. (individual dot 2 reported O,; bioreactor ~ reported mL
multi-organ . . generator 2
dimensions not target 13%
platform membrane 50 .
reported) inlet/3% outlet
pm
(Cont'd...)
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Table A1. (Continued)

Platform Ref. C,h anne.l Meml?rane Shear stress Besxdence Oxyg.en D.1ffus10n Cell density
dimensions porosity time gradient distance
Porous
. ECM-coated
First-pass gut- membranes; Not Not
liver-kidney chip 143 Not reported . ’ Not reported Not reported Not reported
pore size not reported reported
system .
reported in the
reviewed article
Channel height
Perfusable brain =600 pm; culture
. chambers 2.5 x Not Not
organoid-on-a- 159 Not reported Not reported Not reported Not reported
chi 14 mm; central reported reported
P channel 1 x 20
mm
Micropillar-array
Perfusable liver culture chambers ~ Not applicable
. . . Not Not
organoid-on-a- 160 (exact dimensions  (membraneless ~ Not reported Not reported Not reported
C X reported reported
chip not reported in chamber array)
the article text)
Module-
Flow-through Module- Near.» . spec1.ﬁ.c
and Transwell physiological densities
Seven- and . dependent
modules in a O, drop reported:
10-MPS o Transwell Not 2 Not
. 187 microtiter-plate Not reported reported for muscle 0.24
interconnected . membranes; reported . reported p
footprint (channel . liver module; x 10° and
platform . pore size not . .
cross-sections not reported magnitude not kidney 0.075
reported) P reported x 10° cells/
cm?
Syringe-extruded
organoid-forming Not applicable
L cel/ECM .
Bioprinting- (printed ECM
; . filaments (nozzle Not Not
assisted tissue 195 construct; no Not reported Not reported Not reported
and filament . reported reported
emergence di . separating
imensions not
) membrane)
reported in the
primary article)
Lomm eylindrical 00 icable RBC inlet PO, 300 um
Stereolithographic channels; 150-pum PP 2 K
. . (open lumens Not <40 mmHg; (designed
multivascular 196 mixer fins; 300- ; . Not reported . ) Not reported
. printed in reported adjacent O inter-vessel
hydrogel networks pm inter-vessel 2 .
. hydrogel) source 7 kPa distance)
spacing
Not applicable
Multimaterial- Pr}nted PDMS (prlr}ted
. . microfilaments 20  cantilever Not Not 1.4 x 10°
printed cardiac 198 . Not reported Not reported ,
MPS pm high x 60 ym  platform; no reported reported cells/cm
wide separating
membrane)
Printed hepatic Not applicable
D'LP—bloprmte.d constructs (solid bioprinted Not Not 8 x 107 cells/
high-cell-density 221 (feature construct; no Not reported Not reported
. . . . reported reported mL
liver model dimensions not separating
reported) membrane)
(Contd...)
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Table A1l. (Continued)

Platform Ref. C,h anne‘l Memb.rane Shear stress l?es1dence Oxyg‘en D.lifusmn Cell density

dimensions porosity time gradient distance

Standard 12-well Real-time Tissue-
High- plate footprint Module- ) oxygen module
throughput with integrated dependent Ezosgilr‘larlr;mable, Not sensing Not dependent;
programmable- 277 microfluidic porous barriers; latforgm—wi de reported reported; reported no single
flow organ-on- channels (cross- pore dimensions salue reported P spatial p platform-
a-chip platform sections not not reported P gradient not wide density

reported) reported reported

Notes: Values are transcribed only when explicitly reported in the cited primary study; no values were inferred from geometry, flow rate, or other
surrogate information. Every entry was checked against the cited primary article and, where accessible, its supplementary information. “Not reported”
means that an applicable parameter was not given explicitly; “Not applicable” means that the platform lacks that structural element (for example, a
membraneless printed construct). Qualitative statements were not converted into numbers, and flow rates were not used to calculate residence time or
shear stress. For printed systems, the channel/feature dimensions reported by the primary study are used as the geometric anchor.

Abbreviations: BMEC: Brain microvascular endothelial cells; DLP: Digital light processing; ECM: Extracellular matrix; GelMA: Gelatin methacryloyl;
HA: Hepatic artery; HHSEC: Human hepatic sinusoidal endothelial cells; MPS: Microphysiological systems; MTF: Muscular thin film; PDMS:

Poly(dimethylsiloxane); PV: Portal vein; RBC: Red blood cell.

Table A2. Panel-level audit of scale bars and objective magnifications for reused microscopy images

Panel Ref. Reused content Scale-bar audit Objective-magnification audit
X Retained from source: 25, 100, and 200 Not reported in the source article or
Microscopy montage of . . . .
2a 8 . . . . um, assigned to the corresponding source Supporting Information (SI) for the
engineered intestinal organoids. . .
subimages. reused images.
Kidney- id fl
2b 9 \aney-organold fuorescence Retained from source: 100 pm. Not reported for the reused image.
montage.
L}mg—orgaﬁmd protocol with Retained from source: 100 pum for the reused .
2c 30 histology/immunofluorescence . . Not reported for the reused images.
. microscopy images.
images.
20x for bright-/dark-
Lung-organoid bright-/dark- Retained from source: 200 pm Sour?e reports 5%/20 for ]?ng t-/dar
. ) . field imaging and 10x for histology; no
2d 31 field, immunofluorescence, and (immunofluorescence overview) and 100 . . X L
. . additional image-specific objective was
histology images. um (marker panels).
reported.
. . Retained from source: 100 um for the
Cardiac organoid fluorescence - . :
2e 32 o organoid fluorescence images. Not reported ~ Not reported for the reused images.
and day-series images. .
for the reused day-series block.
2f 33 ?elrieers-organmd fluorescence time Retained from source: 100 pm. Not reported for the reused image.
Microwell-array device/workflow  N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
2g 34 :
block. block. this block.
. . Retained from source: 200 pm 4x reported for calibrated whole-
Brain-organoid phase-contrast [ L
3a 58 . . (phase contrast) and 100 um organoid bright-field size imaging; Not
and immunofluorescence images. .
(immunofluorescence). reported for the other reused views.
Brain-spinal-cord assembloid N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
3b 59 . .
workflow schematic. block. this block.
Retained f; : 250 hole-
Fused thalamic/cortical organoid cramec rot source km (whole .
3c 60 . . organoid/epifluorescence) and 50 um Not reported for the reused images.
overview and confocal images. .
(confocal details).
Not assignable: calibrated bars are retained,
2d 61 Neuromusculoskeletal tri-tissue but numerical values could not be mapped Not reported for the reused images.

organoid images.

unambiguously to each reused micrograph
from the source/SL
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Table A2. (Continued)

Panel Ref. Reused content Scale-bar audit Objective-magnification audit
Confocal t -peri lar-
3e 62 onfocal ftumor-perivascuiar Retained from source: 400 pm. Not reported for the reused image.
niche image.
Lung-on-a-chi i Retained f; :2 for th
da N ung-on-a-chip deche e.talned Tom source 00 pm for the reused Not reported for the reused image.
photographs and microscopy. microscopy image.
Gut-on-a-chip architecture N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
4b1 86 . .
schematic. block. this block.
b2 87 G1‘1t—0n.—a—cl?1p device and Re‘tamed frO@ source: 50 um for the reused Not reported for the reused image.
epithelial microscopy. microscopy image.
Retained f; : 200 black
Liver-acinus-chip SEM, CLSM, ctained from sot.lrce um (blac Not reported; the source identifies the
R . . X SEM), 50 um (white SEM), 500 um (CLSM . R o
4c 88 live/dead, and primary-sinusoid ; . imaging platforms but not an objective
. overview), 100 um (live/dead), and 150 pm .
images. . . . for the reused images.
(primary sinusoid).
4d 89 Heart-on-a-chip device overview.  Retained from source: 1 mm. Not reported for the reused image.
1 lar-capillary-wall 25%/0. jecti
de 90 Gl omerular-capillary wall Retained from source: 100 um. 5x/0.95 water objective reported by
confocal image. the source.
Not reported/Not assignable: source bar
Motor-unit chi i i h , liabl
5a 132 ~otor unit chip device/ retamefi where present, but a re iable Not reported for the reused image.
microscopy block. numerical value for the reused image was
not obtained.
b 133 Neurovascular—unit ‘ Retained from source: 100 ym. 10x and 20>f objectives ?ePorted for the
immunofluorescence images. reused BBB immunostaining workflow.
X . Not assignable: source bars are retained,
Three-dimensional neurovascular- . .
5¢ 134 o but numerical values could not be mapped ~ Not reported for the reused images.
unit microscopy. . .
unambiguously to the reused views.
Neurovascular-bone-unit device ~ N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
5d 135 . .
schematic. block. this block.
Integrated gut/liver MPS N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
6a 140 . .
schematic. block. this block.
Multi-orean-chip rendering and Not assignable: source bar retained, but
6b 141 gan-ciilp & its numerical value could not be assigned Not reported for the reused image.
fluorescence image. . .
reliably to the reused view.
Closed-loop oxygen-control N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
6¢ 142 X .
platform schematic/photo. block. this block.
Multi- ~chi lar-barri
6d 17 LH-Organ-chip VASCUIArDAITIEr  petained from source: 50 pm. Not reported for the reused image.
fluorescence image.
First-pass multi-organ system N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
6e 143 . . .
device photographs/schematic. block. this block.
L . Not assignable: source bars are retained,
Mini-colon immunofluorescence/ . .
7a 157 . . but numerical values could not be mapped ~ Not reported for the reused images.
bright-field images. . .
unambiguously to the reused views.
Cardiac organoid-on-a-chip N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
7b 158 . .
platform schematic. block. this block.
Cardiac-organoid bright-field/ Not asmgne.ible: . Not reported image-specifically for the
7c 158 . but numerical values could not be mapped .
fluorescence images. . ) reused images.
unambiguously to the reused views.
Brain-organoid time-series Retained from source: 100 ym at D3, D11, .
7d 15 Not ted for th d .
o microscopy. D18, D26, and D33. otreported for the reused images
Liver-oreanoid time-series Not assignable: source bars are retained,
7e 160 & but numerical values could not be mapped ~ Not reported for the reused images.

microscopy.

unambiguously to the reused views.
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Table A2. (Continued)

Panel Ref. Reused content Scale-bar audit Objective-magnification audit
Liver—pancreatic-islet-axis device =~ N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
8a 184 . .
and workflow schematic. block. this block.
Autologous four-organ-chip N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
8b 185 . .
schematic. block. this block.
L . Not assignable: source bars are retained,
Induced liver, intestinal, and . .
8¢ 186 1. but numerical values could not be mapped ~ Not reported for the reused images.
stomach organoid images. . .
unambiguously to each reused image.
Seven-/Ten-MPS device and flow-  N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
8d 187 e . .
partitioning schematic. block. this block.
Retained from source: 500 um (printed/
9a 195 Bioprinted tissue/ (?rganmd bright- organ'old overviews), 259 pum (Vlabl!lty/ Not reported for the reused images.
field and confocal images. overview), and 75 pm (high-resolution
confocal view).
L . Retained from source: 3 mm, 1 mm, and 500
Bioprinted multivascular-network . . .
9b 196 . um, as shown in the corresponding source Not reported for the reused images.
photographs/images. .
subimages.
Microgel-hydrogel fabrication N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
9c 197 . .
schematic. block. this block.
Inst ted cardiac-ti
9d 198 nstrumentec cardiactissue Retained from source: 10 pm. Not reported for the reused image.
confocal inset.
Acousticall bled cortical
10a 229 coustically assembled cortica Retained from source: 100 pum. Not reported for the reused images.
microtissue fluorescence images.
Lo 1 Not assignable: source bars are retained,
A it 1- \
10b 230 c'oustlc differential-bioassembly but numerical values could not be mapped ~ Not reported for the reused images.
microscopy. . ;
unambiguously to the reused views.
Intradroplet organoid-assembl Not assignable: source bars are retained,
10c 231 . P 8 Y but numerical values could not be mapped ~ Not reported for the reused images.
microscopy. . .
unambiguously to the reused views.
Not reported/Not assignable: source bars
lla 235 Curved-interface organ-chip are retz?ined where present, but .reliable Not reported for the reused images.
fluorescence images. numerical values were not obtained for the
reused images.
Electromechanical-stimulation N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
11b 236 . . .
chip schematic. block. this block.
Multi-analyte sensor-chip N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
11c 237 . . .
schematic/device photograph. block. this block.
Retained from source: 1 mm for the
Neuromuscular junction chip/ overview. Not assignable for source- .
11 2 N for th .
d 38 MEA micrographs. calibrated detail bars whose values could not —°' reported for the reused images
be mapped reliably.
e 239 Brainoware system schematic. N/A: no microscopy image is reused in this N{ A: no microscopy image is reused in
block. this block.
SEM/fluorescence views of Not assignable: source bars are retained,
11f 240 . . but numerical values could not be mapped ~ Not reported for the reused images.
colloidal-crystal microstructures. . .
unambiguously to all reused views.
Ontical time series of livin Not assignable: calibrated source images are
11g 241 P & retained, but numerical values could not be ~ Not reported for the reused images.
structural-color hydrogel. . .
assigned reliably.
Retained f; : 40, 200, and 500
e-Flower MEA device and brain- ctained from source an Not reported; the source reports a Leica
12a 265 um, as shown in the corresponding source

spheroid images.

subimages.

DVMS digital microscope.

(Contd...)

Volume x Issue x (2026)

62

doi: 10.36922/0R026020001


https://doi.org/10.36922/OR026020001

Table A2. (Continued)

Panel Ref. Reused content Scale-bar audit Objective-magnification audit
hell-MEA device/SEM ined f; 22 for th
12b 266 She . devTcg/S an(.:l Re}alned rom souree 00 pm for the reused Not reported for the reused images.
cardiac-organoid interface images. microscopy image.
12¢ 267 ?tretchable organoid bioelectronic  Retained frO'm source: 500 pm (overview) Not reported for the reused images.
interface. and 50 pum (inset).
Kirigami interface and organoid/ Not assignable: source bars are retained,
12d 268 gami | 8 but numerical values could not be mapped ~ Not reported for the reused images.
assembloid fluorescence images. . .
unambiguously to the reused views.
Three-di ional
re.e dlm‘enswna X Retained from source: 1 mm, 500 pm, and X
12e 269 multifunctional neural-interface Not reported for the reused images.
. 200 um where shown.
images.
Overview microscopy used in the . - . -
. . . Not reported in the source publication for Not reported in the source publication
13a 275 synergistic-engineering concept L L
panel the reused overview images. for the reused overview images.
Organoid culture-method N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
13b 276 ) .
schematic. block. this block.
High-throughput organ-on-a-chip  N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
13¢ 277 . .
platform schematic. block. this block.
Intelligent intestine-on-a-chip N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in
13d 108 . .
workflow schematic. block. this block.
13e 278 Intelligent organs-on-a-chip N/A: no microscopy image is reused in this ~ N/A: no microscopy image is reused in

concept schematic.

block.

this block.

Notes: “Objective magnification” is reported only when the source linked an objective to the reused image or imaging workflow. Microscope modality
or manufacturer alone was not converted into an objective magnification. Audit scope: each review-figure block listed was checked against the cited
primary article and accessible Supporting Information. “Not reported” means that no explicit value was found; “Not assignable” means that a calibrated
bar was present in the source but could not be mapped reliably to a particular reused micrograph after compositing; “N/A” means that the reused

block contains no microscopy image. Numerical values were not inferred from apparent bar length. Because each source bar remains embedded in and
resizes together with its source image, its stated physical value is unchanged by proportional resizing in the composite.

Abbreviations: BBB: Blood-brain barrier; CLSM: Confocal laser scanning microscopy; MEA: Multielectrode array; MPS: Microphysiological systems;
SEM: Scanning electron microscopy.
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