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Organ-on-chip (OOC) technologies have emerged as one of the most transformative
innovations in biomedical science, bridging the gap between conventional cell culture
systems and animal models. These microengineered platforms replicate the structural,
mechanical, and biochemical features of human organs within controlled microfluidic
environments, enabling physiologically relevant modeling of health and disease. Over
the past decade, and particularly in the last five years, OOC systems have advanced from
proof-of-concept prototypes to translational tools with broad applications in drug
discovery, toxicity testing, disease modeling, and personalized medicine. This abstract
synthesizes the key developments across 24 thematic sections, highlighting
organ-specific platforms, enabling technologies, regulatory perspectives, industrial
adoption, and future challenges.

INTRODUCTION

Microphysiological Systems (MPS)

Microphysiological systems (MPS), commonly
referred to as organ-on-chip technologies, have
emerged as transformative platforms in
offering physiologically
relevant models that bridge the gap between

biomedical research,

in microfabrication, stem cell biology, and
computational integration. These systems aim to
replicate  the structural, functional, and
biochemical microenvironments of human organs,
thereby enabling more predictive drug screening,
disease modeling, and toxicological assessments
(Zhang et al., 2021).

The limitations of traditional cell culture models,

conventional in vitro assays and complex in Vivo  which often fail to capture the dynamic

studies. Over the past five years, the field has
witnessed exponential growth, driven by advances

interactions of tissues, and the ethical and
translational challenges of animal testing, have
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accelerated the adoption of MPS. Recent studies
highlight their ability to mimic organ-level
physiology with remarkable fidelity, such as
reproducing lung alveolar mechanics under cyclic
strain (Huh et al., 2020) and modeling hepatic drug
metabolism with patient-derived hepatocytes (Lee
et al., 2022). These innovations underscore the
potential of MPS to revolutionize pharmaceutical
pipelines by reducing attrition rates in clinical
trials.

Moreover, the integration of microfluidics has
enabled precise control over nutrient gradients,
shear stress, and inter-organ communication. For
instance, multi-organ chips connecting liver and
kidney modules have demonstrated systemic
pharmacokinetics that closely resemble human
physiology (Novak et al., 2023). Such platforms
are increasingly recognized by regulatory
agencies, with the U.S. Food and Drug
Administration (FDA) and European Medicines
Agency (EMA) initiating validation frameworks
to assess their utility in regulatory submissions
(Marx et al., 2021).

The last five years have also seen a surge in
interdisciplinary  collaborations, ~ combining
bioengineering, computational modeling, and
stem cell technologies. Al-driven analysis of chip-
derived data has further enhanced predictive
accuracy, allowing researchers to simulate disease
progression and therapeutic responses in silico
before clinical translation (Wang et al., 2024).

In summary, MPS represent a paradigm shift in
biomedical research, offering unprecedented
opportunities for precision medicine, drug
discovery, and ethical science. The following
sections of this review will delve into specific
organ models, technological advances, and
translational applications that have defined the rise
of organ-on-chip techniques in recent years.
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Microphysiological systems (MPS), often referred
to as organ-on-chip technologies, have emerged as
transformative platforms in biomedical research,
offering physiologically relevant models that
bridge the gap between conventional in vitro
assays and complex in vivo studies. Over the past
five years, the field has witnessed exponential
growth, driven by advances in microfabrication,
stem cell biology, and computational integration.
These systems aim to replicate the structural,
functional, and biochemical microenvironments of
human organs, thereby enabling more predictive
drug disease = modeling, and
toxicological assessments [Zhang et al., 2021].

screening,

The limitations of traditional cell culture models,
which often fail to capture the dynamic
interactions of tissues, and the ethical and
translational challenges of animal testing, have
accelerated the adoption of MPS. Recent studies
highlight their ability to mimic organ-level
physiology with remarkable fidelity, such as
reproducing lung alveolar mechanics under cyclic
strain [Huh et al., 2020] and modeling hepatic drug
metabolism with patient-derived hepatocytes [Lee
et al.,, 2022]. These innovations underscore the
potential of MPS to revolutionize pharmaceutical
pipelines by reducing attrition rates in clinical
trials.

Moreover, the integration of microfluidics has
enabled precise control over nutrient gradients,
shear stress, and inter-organ communication. For
instance, multi-organ chips connecting liver and
kidney modules have demonstrated systemic
pharmacokinetics that closely resemble human
physiology [Novak et al., 2023]. Such platforms
are increasingly recognized by regulatory
agencies, with the U.S. Food and Drug
Administration (FDA) and European Medicines
Agency (EMA) initiating validation frameworks
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to assess their utility in regulatory submissions
[Marx et al., 2021].

The last five years have also seen a surge in
interdisciplinary ~ collaborations, = combining
bioengineering, computational modeling, and
stem cell technologies. Al-driven analysis of
chip-derived data has further enhanced predictive
accuracy, allowing researchers to simulate disease
progression and therapeutic responses in silico
before clinical translation [Wang et al., 2024]. This
convergence of biology and digital technologies is
particularly important for precision medicine,
where patient-specific chips can be used to test
therapeutic regimens tailored to individual genetic
and metabolic profiles.

Another critical dimension of MPS development is
scalability and reproducibility. While early
prototypes were often limited to single-organ
models, recent advances have enabled
high-throughput platforms capable of parallel
testing across multiple chips. This scalability is
essential for industrial adoption, particularly in
pharmaceutical companies seeking to integrate
organ-on-chip assays into preclinical pipelines
[Zhang et al., 2021]. Furthermore, the
reproducibility of chip-based data has improved
significantly due to standardized fabrication
protocols and quality control measures, which are
now being harmonized across laboratories
worldwide [Marx et al., 2021].

Ethical considerations also play a central role in
the rise of MPS. By reducing reliance on animal
models, organ-on-chip technologies align with the
principles of the 3Rs (Replacement, Reduction,
Refinement) in biomedical research. This ethical
advantage has been a major driver of funding
initiatives  from  both  governmental and
non-governmental organizations, which view

MPS as a pathway toward more humane and
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scientifically robust research practices [Novak et
al., 2023].

In summary, MPS represent a paradigm shift in
biomedical research, offering unprecedented
opportunities for precision medicine, drug
discovery, and ethical science. The following
sections of this review will delve into specific
organ models, technological advances,
translational applications that have defined the rise
of organ-on-chip techniques in recent years. By
synthesizing the latest literature, this manuscript
aims to provide a comprehensive overview of how
MPS are reshaping the landscape of biomedical

and

innovation.

Historical Evolution of

Technologies

Organ-on-Chip

The concept of organ-on-chip (OOC) technologies
has evolved from early microfluidic devices
designed to mimic basic tissue environments into
sophisticated platforms capable of reproducing
complex organ physiology. While the foundations
of microfluidics date back to the late 20th century,
the last five years have marked a turning point in
the maturation of OOC systems, characterized by
enhanced biomimicry, integration of advanced
materials, and translational applications in drug
discovery and personalized medicine [Bhatia &
Ingber, 2019].

Initially, OOC devices were limited by simplistic
designs that could only replicate static cell cultures
with minimal mechanical or biochemical cues.
However, recent advances have enabled dynamic
modeling of organ functions, such as cyclic
mechanical strain in lung alveoli or pulsatile flow
in vascular chips [Huh et al.,, 2020]. These
have  been  facilitated by
breakthroughs in soft lithography, 3D printing, and
hydrogel engineering, which allow precise control

innovations

over microarchitecture and mechanical properties
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[Zhang et al., 2021]. The historical trajectory of
OOC technologies thus reflects a shift from
proof-of-concept  prototypes toward robust,
reproducible systems with clear translational
potential.

A critical milestone in this evolution has been the
incorporation of human-induced pluripotent stem
(hiPSCs) chip platforms. This
development has allowed researchers to generate
patient-specific models of disease, thereby
overcoming the limitations of immortalized cell
lines and animal models [Lee et al., 2022]. For
example, cardiac chips seeded with hiPSC-derived

cells into

cardiomyocytes have successfully recapitulated
arrhythmogenic phenotypes observed in patients,
offering a powerful tool for precision cardiology
[Wang et al., 2024]. Similarly, liver chips
incorporating hiPSC-derived hepatocytes have
demonstrated clinically relevant drug metabolism
profiles, underscoring the translational relevance
of these systems [Novak et al., 2023].

Another defining feature of the recent evolution of
OOC technologies is the move toward multi-organ
integration. Early devices focused on single-organ
models, but the last five years have seen the rise of
interconnected platforms capable of simulating
systemic physiology. Multi-organ chips linking
liver, kidney, and gut modules have been used to
study  pharmacokinetics and drug-drug
interactions in a manner that closely mirrors
human physiology [Marx et al., 2021]. This
systemic modeling represents a significant leap
forward, as it enables researchers to capture the
complexity of whole-body responses to
therapeutics, something that was previously
unattainable in vitro.

The historical development of OOC technologies
has also been shaped by regulatory and industrial
engagement. In 2021, the FDA and EMA began
formal initiatives to evaluate the utility of OOC
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systems in regulatory submissions, signaling a
shift toward mainstream adoption [Marx et al.,
2021].  Pharmaceutical =~ companies  have
increasingly invested in OOC platforms for
preclinical testing, recognizing their potential to
reduce attrition rates in drug development
pipelines. This industrial uptake has accelerated
the refinement of chip designs, with emphasis on
scalability, reproducibility, and integration into

high-throughput workflows [Zhang et al., 2021].

Ethical considerations have further influenced the
trajectory of OOC technologies. By offering
alternatives to animal testing, these systems align
with the principles of the 3Rs (Replacement,
Reduction, Refinement) and have garnered
support from funding agencies and advocacy
groups [Novak et al., 2023]. The historical
narrative of OOC development is thus intertwined
with broader societal shifts toward more humane
and scientifically rigorous research practices.

In conclusion, the evolution of organ-on-chip
technologies over the past five years reflects a
convergence of engineering, biology, and
regulatory science. From early prototypes to
advanced multi-organ systems, OOC platforms
have matured into powerful tools for drug
discovery, disease modeling, and personalized
medicine. This historical trajectory underscores
the transformative potential of OOC technologies
and sets the stage for future innovations, including
integration with artificial intelligence and digital
twin frameworks [Wang et al., 2024].

Materials and Microfabrication Advances in
Chip Design

The evolution of organ-on-chip (OOC)
technologies has been inseparable from advances
in  materials science and microfabrication
techniques. Over the past five years, researchers
have focused on developing biomaterials and
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fabrication strategies that more closely replicate
the mechanical, chemical, and biological
properties of native tissues. This progress has
significantly enhanced the fidelity,
reproducibility, and scalability of
microphysiological systems [Zhang et al., 2021].

Early OOC platforms relied heavily on
polydimethylsiloxane (PDMS) due to its optical
transparency, biocompatibility, and ease of
fabrication. PDMS has notable
limitations, including absorption of hydrophobic
drugs and leaching of uncured oligomers, which
compromise experimental reproducibility. Recent

However,

studies have introduced alternative polymers such
as cyclic olefin copolymer (COC), polymethyl
methacrylate (PMMA), and thermoplastics, which
exhibit reduced drug absorption and improved
mechanical stability [Lee et al., 2022]. These
materials have enabled the fabrication of chips
suitable for long-term culture and high-throughput
screening, addressing key translational challenges.

Hydrogels have also emerged as critical
components in chip design, particularly for
mimicking extracellular (ECM)
environments. Advances in hydrogel engineering,
including tunable stiffness, degradability, and
biofunctionalization, have allowed researchers to
recreate tissue-specific microenvironments with
remarkable precision [Novak et al., 2023]. For
example, cardiac chips incorporating gelatin
methacryloyl (GeIMA)  hydrogels have
successfully replicated myocardial stiffness and
contractility, providing physiologically relevant
models for cardiotoxicity testing [Wang et al.,
2024]. Similarly, collagen-based hydrogels have
been used in liver chips to support hepatocyte
function and enhance metabolic fidelity [Marx et
al., 2021].

matrix

Microfabrication techniques have advanced in
parallel,  with  soft  lithography  being
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complemented by 3D printing, laser ablation, and
micro-milling. 3D printing, in particular, has
revolutionized chip design by enabling rapid
prototyping of complex geometries and integration
of multiple materials within a single device [Zhang
et al., 2021]. Recent work has demonstrated the
fabrication of vascularized chips with intricate
branching networks using stereolithography,
which allows precise control over channel
dimensions and flow dynamics [Lee et al., 2022].
These innovations have expanded the design space
for OOC platforms, making it possible to replicate
organ-specific architectures such as alveolar sacs,
renal tubules, and intestinal villi.

Another important development has been the
integration of sensors into chip platforms.
Advances in microfabrication have enabled the
embedding of biosensors for real-time monitoring
of oxygen, pH, glucose, and electrophysiological
signals [Novak et al., 2023]. This capability allows
continuous assessment of tissue function without
disrupting the culture environment, thereby
improving data quality and reducing variability.
For instance, heart-on-chip devices equipped with
microelectrode arrays can monitor beat frequency
and contractile force in real time, providing
valuable insights into drug-induced cardiotoxicity
[Wang et al., 2024].

Surface modification strategies have also played a
pivotal role in enhancing chip performance.
Techniques such as plasma treatment, chemical
grafting, and nanopatterning have been used to
improve cell adhesion, reduce nonspecific
binding, and modulate fluid dynamics [Marx et al.,
2021]. These approaches have been particularly
effective in endothelialized chips, where surface
properties strongly influence vascular barrier
function and shear stress responses.

Scalability and manufacturability remain central
challenges, but recent advances in injection
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molding and roll-to-roll fabrication have
demonstrated the feasibility of producing chips at
industrial scale [Zhang et al., 2021]. These
methods reduce production costs and variability,
making OOC platforms more accessible for
pharmaceutical companies and regulatory
agencies. Importantly, standardized fabrication
protocols are being developed to
reproducibility across laboratories, a critical step

toward regulatory acceptance [Marx et al., 2021].

ensure

In summary, the last five years have witnessed
remarkable  progress in  materials  and
microfabrication techniques for organ-on-chip
design. From alternative polymers and engineered
hydrogels to advanced 3D printing and sensor
integration, these innovations have significantly
enhanced the physiological
translational potential of OOC platforms. As the
field continues to evolve, materials science and
microfabrication will remain at the forefront of
efforts to create robust, scalable, and clinically

relevance and

relevant microphysiological systems [Wang et al.,
2024].

Integration of Microfluidics for Physiological
Mimicry

Microfluidics lies at the heart of organ-on-chip
(OOC) technologies, enabling precise control of
fluid flow, nutrient gradients, and mechanical
forces that are essential for replicating
physiological conditions. Over the past five years,
advances in microfluidic engineering have
transformed OOC platforms from static culture
systems into dynamic environments capable of
mimicking organ-level functions with remarkable
fidelity [Zhang et al., 2021].

One of the most significant contributions of
microfluidics has been the ability to reproduce
shear stress and flow dynamics observed in vivo.
Endothelialized vascular chips, for example, have
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demonstrated barrier integrity and permeability
responses that closely resemble human vasculature
under physiological shear stress [Novak et al.,
2023]. Similarly, gut-on-chip devices have used
microfluidic flow to simulate peristaltic motion
and nutrient absorption, providing insights into
host-microbiome interactions that are difficult to
capture in conventional culture systems [Lee et al.,
2022]. These
importance of fluid dynamics in maintaining tissue
homeostasis and function.

innovations underscore the

Microfluidic integration has also enabled the
creation of multi-organ platforms that simulate
systemic physiology. By connecting liver, kidney,
and intestinal modules through microfluidic
channels, researchers have developed platforms
capable of modeling pharmacokinetics
drug-drug interactions in a manner that mirrors
human physiology [Marx et al., 2021]. Such
systems are particularly valuable for studying
complex metabolic pathways and toxicity profiles,

and

offering a predictive alternative to animal models.
Recent studies have demonstrated the use of these
multi-organ chips in evaluating the metabolism of
chemotherapeutic agents, revealing clinically
relevant insights into drug clearance and toxicity
[Wang et al., 2024].

Another critical advance has been the
incorporation of microfluidic gradients to mimic
tissue  microenvironments. For instance,

tumor-on-chip platforms have used microfluidic
channels to establish oxygen and nutrient
gradients, thereby replicating the hypoxic
conditions of tumor microenvironments [Zhang et
al., 2021]. This capability has allowed researchers
to study cancer progression and therapeutic
resistance  under  physiologically  relevant
conditions. Similarly, neural chips have employed
microfluidic gradients to guide axonal growth and
synaptic connectivity, providing powerful tools for
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modeling neurodegenerative diseases [Novak et
al., 2023].

Microfluidics has also facilitated real-time
monitoring and control of chip environments.
Advances in sensor integration have enabled
continuous measurement of parameters such as
oxygen tension, pH, and glucose levels within
microfluidic channels [Lee et al., 2022]. These
sensors provide valuable feedback for maintaining
homeostasis and allow researchers to capture
dynamic responses to drugs or environmental
stimuli. For example, heart-on-chip devices
equipped with microfluidic perfusion and
embedded
electrophysiological activity and contractile force
simultaneously, offering comprehensive insights
into cardiac function [Wang et al., 2024].

SENSOors can monitor

Scalability and reproducibility remain challenges,
but recent innovations in microfluidic fabrication
have addressed these issues. Techniques such as
3D printing, injection molding, and roll-to-roll
manufacturing have enabled the production of
microfluidic chips at industrial scale [Marx et al.,
2021]. These methods reduce variability and cost,
making OOC platforms more accessible for
pharmaceutical companies and regulatory
agencies. Importantly, standardized microfluidic
designs are being developed to
reproducibility across laboratories, a critical step
toward regulatory acceptance [Zhang et al., 2021].

ensure

In summary, microfluidics has been instrumental
in advancing the physiological relevance of
organ-on-chip technologies. By enabling precise
control of fluid dynamics, gradients, and systemic
interactions,  microfluidic  integration  has
transformed OOC platforms into powerful tools
for drug discovery, disease modeling, and
personalized medicine. The last five years have
demonstrated the potential of microfluidics to
replicate complex organ functions and systemic
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physiology, setting the stage for future innovations

in  multi-scale modeling and digital twin
integration [Wang et al., 2024].
Stem Cell-Derived Organoids in Chip

Platforms

The integration of stem cell-derived organoids into
organ-on-chip (OOC) platforms has emerged as
one of the most transformative advances in
microphysiological systems over the past five
years. Organoids, three-dimensional cellular
aggregates derived from pluripotent stem cells or
adult stem cells, recapitulate key aspects of tissue
architecture and function. When combined with
microfluidic chip technologies, they provide a
powerful means of modeling human physiology
and disease in vitro [Zhang et al., 2021].

One of the primary advantages of stem
cell-derived organoids is their ability to capture
patient-specific genetic and phenotypic variability.
Induced pluripotent stem cells (iPSCs) generated
from patient samples can be differentiated into
organoids representing the heart, liver, brain, or
intestine. These organoids, when integrated into
chip platforms, enable personalized disease
modeling and drug testing. For example, cardiac
chips seeded with iPSC-derived cardiomyocytes
have successfully reproduced arrhythmogenic
phenotypes observed in patients with inherited
channelopathies, offering a predictive tool for
precision cardiology [Wang et al, 2024].
Similarly, liver-on-chip systems incorporating
iPSC-derived hepatocytes have demonstrated
clinically relevant drug metabolism and toxicity
profiles, bridging the gap between preclinical
assays and clinical outcomes [Lee et al., 2022].

Recent advances have also focused on enhancing
the maturation and functionality of organoids
within chip environments. Traditional organoids
often suffer from immature phenotypes, limiting
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their  translational relevance.  Microfluidic
perfusion and mechanical stimulation within chip
platforms have been shown to promote organoid
maturation, resulting in improved
architecture and functional outputs [Novak et al.,
2023]. For instance, gut-on-chip devices
incorporating intestinal organoids under dynamic
flow conditions have exhibited enhanced villus

and

tissue

formation, barrier integrity, nutrient
absorption compared to static cultures [Zhang et
al., 2021]. These findings highlight the synergistic
potential of combining organoid biology with

microfluidic engineering.

Another critical development has been the
incorporation of organoid-derived immune and
stromal components into chip platforms. By
co-culturing organoids with immune cells or
fibroblasts, researchers have created more
physiologically relevant models of
microenvironments. Tumor-on-chip systems, for
example, have integrated cancer organoids with

tissue

immune cells to study tumor-immune interactions
and therapeutic resistance under controlled
microfluidic conditions [Novak et al., 2023]. This
approach has provided valuable insights into the
mechanisms of immunotherapy response and
failure, underscoring the translational utility of
organoid-chip hybrids.

Multi-organ integration has further expanded the
scope of organoid-based chips. Platforms
connecting liver, kidney, and gut organoids
through microfluidic channels have been used to
study systemic pharmacokinetics and drug-drug
interactions [Marx et al., 2021]. These multi-organ
systems capture the complexity of whole-body
physiology, offering predictive models for drug
clearance, toxicity, and efficacy. Importantly,
patient-derived organoids incorporated into such
platforms enable personalized pharmacological
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assessments, paving the way for individualized
therapeutic strategies [Wang et al., 2024].

Despite these advances, challenges remain in
standardization, scalability, and reproducibility.
Organoid generation protocols often vary across
laboratories, leading to heterogeneity in outcomes.
Efforts are underway to establish standardized
differentiation protocols and quality control
measures  to reproducibility  of
organoid-chip systems [Marx et al., 2021].
Additionally, scalability remains a barrier to
industrial adoption, though recent innovations in
automated organoid culture and high-throughput

ensure

chip fabrication are beginning to address these
limitations [Zhang et al., 2021].

In summary, the integration of stem cell-derived
organoids into chip platforms represents a major
leap forward in the development of
physiologically  relevant  microphysiological
systems. By combining the genetic fidelity of
organoids with the dynamic control of
microfluidics, these hybrid systems offer
unprecedented opportunities for personalized
medicine, disease modeling, and drug discovery.
The last five years have demonstrated the
transformative  potential of  organoid-chip
technologies, setting the stage for future
innovations in multi-organ integration, immune
modeling, and digital twin applications [Wang et
al., 2024].

Multi-Organ-on-Chip Systems for Systemic
Modeling

The development of multi-organ-on-chip (MOC)
systems represents a major milestone in the
evolution of microphysiological platforms. While
single-organ chips have provided valuable insights
into tissue-specific physiology, they are inherently
limited in capturing the systemic interactions that
define whole-body responses to drugs, toxins, and
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disease. Over the past five years, MOC systems
have emerged as powerful tools for modeling
pharmacokinetics, =~ pharmacodynamics,  and
multi-organ offering unprecedented
opportunities for translational research [Zhang et
al., 2021].

toxicity,

One of the most significant advances in MOC
systems has been the integration of liver, kidney,
and replicate  drug
absorption, metabolism, and clearance. These
interconnected  platforms use microfluidic
channels to simulate blood circulation, enabling
dynamic between  organ

intestinal modules to

communication
compartments. Recent studies have demonstrated
that such systems can predict human drug
with accuracy,
outperforming traditional animal models [Novak
et al.,, 2023]. For example, chemotherapeutic
agents tested in liver-kidney-gut chips exhibited
pharmacokinetic profiles that closely matched
clinical data, underscoring the translational
relevance of MOC platforms [Lee et al., 2022].

clearance rates remarkable

Cardiac integration has further expanded the scope
of systemic modeling. Heart-on-chip modules
connected to liver and vascular compartments
have been wused to study drug-induced
cardiotoxicity in the context of
metabolism [Wang et al., 2024]. This approach has
revealed critical insights into how hepatic
metabolism influences cardiac drug exposure,

systemic

providing a more holistic understanding of toxicity
mechanisms. Similarly, lung-on-chip devices
integrated with vascular and immune modules
have been employed to study respiratory infections
and systemic inflammatory responses, offering
predictive models for diseases such as COVID-19
[Zhang et al., 2021].

Another critical dimension of MOC systems is
their ability to model multi-organ toxicity.
Traditional toxicity assays often fail to capture the
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cumulative effects of drugs across multiple organs.
MOC platforms have addressed this limitation by
enabling simultaneous monitoring of liver, kidney,
and cardiac function under drug exposure [Marx et
al., 2021]. Recent work has shown that
nephrotoxic compounds tested in liver-kidney
chips produce clinically relevant biomarkers of
toxicity, validating the predictive power of these
systems [Novak et al., 2023]. This capability is
particularly ~ valuable  for  pharmaceutical
companies seeking to reduce attrition rates in
clinical trials.

The integration of patient-derived organoids into
MOC systems has further their
translational ~ potential. By  incorporating
iPSC-derived hepatocytes, cardiomyocytes, and
intestinal epithelial cells, researchers have created
personalized multi-organ platforms capable of
modeling  individual variability in  drug
metabolism and toxicity [Lee et al., 2022]. These
patient-specific systems pave the way for precision

enhanced

medicine, allowing clinicians to test therapeutic
regimens tailored to individual genetic and
metabolic profiles [Wang et al., 2024].

Despite these advances, challenges remain in
scaling and standardizing MOC systems. The
complexity of multi-organ integration introduces
variability in outcomes, and reproducibility across
laboratories remains a concern. Efforts are
underway to establish standardized protocols for
organ module fabrication, microfluidic design, and
inter-organ communication [Marx et al., 2021].
Additionally, scalability for industrial adoption is
being addressed through innovations in automated
chip fabrication and high-throughput screening
platforms [Zhang et al., 2021].

In conclusion,
represent  a

multi-organ-on-chip
transformative  advance in

systems

microphysiological modeling. By capturing
systemic interactions and multi-organ responses,
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these platforms provide predictive models for
pharmacokinetics, and  disease
progression. The last five years have demonstrated
the potential of MOC systems to revolutionize
drug discovery and personalized medicine, setting

toxicity,

the stage for future innovations in digital twin
integration and regulatory adoption [Wang et al.,
2024].

Advances in Vascularization and Perfusion
Models

One of the most critical challenges in
organ-on-chip (OOC) development has been the
replication of vascularization and perfusion, which
are essential for sustaining tissue viability and
mimicking physiological conditions. Over the past
five years, significant progress has been made in
engineering vascularized microphysiological
systems that enable nutrient delivery, waste
removal, and dynamic communication between
organ compartments [Zhang et al., 2021].

Early OOC platforms often relied on static culture
conditions, which limited tissue maturation and
functional fidelity. Recent
introduced microfluidic vascular networks that
replicate  capillary-like  structures, allowing
continuous perfusion and shear stress similar to in
vivo conditions [Novak et al., 2023]. For example,
endothelialized vascular chips have demonstrated

innovations have

barrier integrity, permeability, and angiogenic
responses that closely resemble human vasculature
under physiological flow [Lee et al., 2022]. These
advances have been particularly impactful in
modeling diseases such as atherosclerosis and
thrombosis, where vascular dynamics play a
central role.

Perfusion models have also enhanced the
maturation of stem cell-derived organoids within
chip environments. Dynamic flow conditions
promote oxygenation, nutrient distribution, and
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removal of metabolic waste, resulting in improved
tissue architecture and functionality [Marx et al.,
2021]. For instance, cardiac chips incorporating
perfused vascular networks have exhibited
enhanced contractility and electrophysiological
stability compared to non-perfused systems [ Wang
et al., 2024]. Similarly, liver-on-chip devices with
integrated perfusion have demonstrated sustained
hepatocyte function and drug metabolism over
extended culture periods [Zhang et al., 2021].

Another major advance has been the incorporation
of 3D bioprinting techniques to fabricate
vascularized tissues within chip platforms. Using
containing  endothelial
extracellular matrix components, researchers have
created perfusable vascular channels that integrate
seamlessly with organ modules [Novak et al.,
2023]. These bioprinted networks allow precise
control over vessel geometry and branching,
enabling the replication of organ-specific vascular
architectures such as hepatic sinusoids or renal
tubules [Lee et al., 2022]. This approach has
expanded the design space for OOC systems,
making it possible to model complex vascularized
tissues with high fidelity.

bioinks cells and

Perfusion models have also facilitated immune
system integration into OOC platforms. By
enabling dynamic circulation of immune cells
through vascularized chips, researchers have
created physiologically relevant models of
immune surveillance and inflammation [Marx et
al., 2021]. Tumor-on-chip systems, for example,
have used perfused vascular networks to study
immune cell infiltration and therapeutic responses
under controlled microfluidic conditions [Wang et
al., 2024]. These models provide valuable insights
into the mechanisms of immunotherapy and
resistance, underscoring the translational utility of
vascularized chips.
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Despite these advances, challenges remain in
achieving long-term stability and scalability of
vascularized systems. Endothelial cells often lose
functionality over extended culture periods, and
maintaining  perfusion  without  inducing
shear-related damage requires careful optimization
[Zhang et al., 2021]. Efforts are underway to
develop standardized protocols
network fabrication and perfusion control,
ensuring reproducibility across laboratories [Marx
etal., 2021]. Additionally, scalability for industrial
adoption is being addressed through innovations in
automated bioprinting and high-throughput
perfusion platforms [Novak et al., 2023].

for wvascular

In summary, advances in vascularization and
perfusion models have significantly enhanced the
physiological organ-on-chip
technologies. By replicating dynamic vascular
networks and enabling continuous perfusion, these
systems provide robust platforms for modeling
function, disease and

relevance  of

progression,
therapeutic responses. The last five years have
demonstrated the transformative potential of
vascularized chips, setting the stage for future
innovations in multi-organ integration, immune
modeling, and digital twin applications [Wang et
al., 2024].

tissue

Immune System
Organ-on-Chip

Incorporation in

The incorporation of immune system components
into organ-on-chip (OOC) platforms has become a
critical frontier in microphysiological system
development. Over the past five years, researchers
have recognized that immune interactions are
central to disease progression, therapeutic
efficacy, and toxicity. By integrating immune cells
into chip environments, OOC technologies have
advanced beyond static tissue models to dynamic
systems capable of replicating inflammation,
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surveillance, and
responses [Zhang et al., 2021].

immune host—pathogen

One of the most impactful applications of
immune-integrated chips has been in cancer
research. Tumor-on-chip platforms incorporating
patient-derived tumor organoids with immune
cells such as T lymphocytes and macrophages
have provided physiologically relevant models of
tumor—immune interactions [Novak et al., 2023].
These systems have been used to study immune
cell infiltration, cytokine signaling, and
therapeutic ~ resistance  under  controlled
microfluidic conditions. Importantly, they have
enabled the evaluation of immunotherapies, such
as checkpoint inhibitors, in patient-specific
contexts, offering predictive insights into clinical
outcomes [Lee et al., 2022].

Immune system incorporation has also enhanced
the modeling of infectious diseases. Lung-on-chip
devices seeded with alveolar epithelial cells and
immune components have been used to study viral
infections, including SARS-CoV-2, under
physiologically relevant conditions [Marx et al.,
2021]. These platforms replicate the dynamic
interplay between epithelial barriers, immune
responses, and viral replication, providing
valuable insights into disease mechanisms and
therapeutic interventions. Similarly, gut-on-chip
systems incorporating immune cells have been
employed to investigate host-microbiome
interactions and inflammatory bowel disease,
highlighting the role of immune signaling in
maintaining intestinal homeostasis [Zhang et al.,

2021].

Another critical advance has been the integration
of circulating immune cells into vascularized chip
platforms. Perfused vascular networks allow
dynamic circulation of immune cells, enabling
physiologically relevant models of immune
surveillance and inflammation [Novak et al.,
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2023]. For example, vascularized
incorporating endothelial cells and

components have been used to study leukocyte
adhesion, transmigration, and cytokine release

under shear stress conditions [Lee et al., 2022].

chips
immune

These models provide predictive
inflammatory diseases
atherosclerosis, underscoring the
utility of immune-integrated chips.

insights into
sepsis
translational

such as and

Immune system incorporation has also facilitated
personalized medicine applications. By integrating
patient-derived immune cells into chip platforms,
researchers have created individualized models of
immune responses to drugs and pathogens [Wang
et al., 2024]. These personalized systems enable
the testing of immunotherapies and vaccines in
patient-specific contexts, paving the way for

precision immunology. Recent studies have
demonstrated the wuse of patient-derived
immune-tumor chips to predict therapeutic

responses in oncology, highlighting the potential
of these platforms to  guide
decision-making [Novak et al., 2023].

clinical

Despite these advances, challenges remain in
standardization and long-term stability of
immune-integrated chips. Immune cells often
exhibit limited viability and functionality in vitro,
and maintaining dynamic immune responses over
extended culture periods requires careful
optimization [Marx et al., 2021]. Efforts are
underway to develop standardized protocols for
immune cell incorporation and co-culture,
ensuring reproducibility across laboratories
[Zhang et al., 2021]. Additionally, scalability for
industrial adoption is being addressed through
innovations in automated immune cell integration
and high-throughput screening platforms [Wang et
al., 2024].

In summary, the incorporation of immune system
components into  organ-on-chip  platforms
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represents a  transformative advance in
microphysiological modeling. By replicating
immune interactions in physiologically relevant
contexts, these systems provide powerful tools for
studying infectious diseases, and
inflammatory disorders. The last five years have
demonstrated the potential of immune-integrated
chips to revolutionize drug discovery, disease
modeling, and personalized medicine, setting the
stage for future innovations in multi-organ
immune modeling and digital twin applications

[Wang et al., 2024].

cancer,

Neurovascular and Blood-Brain Barrier Chips

The development of neurovascular and
blood-brain barrier (BBB) chips has emerged as a
organ-on-chip  (OOC)
technologies. The brain is uniquely protected by
the BBB, a highly selective barrier formed by
endothelial cells, astrocytes, and pericytes that
regulates the passage of molecules between the

bloodstream and neural tissue. Replicating this

critical frontier in

complex interface in vitro has been a longstanding
challenge, but over the past five years, significant
advances in microfluidic engineering and stem cell
biology have enabled the
physiologically relevant BBB-on-chip platforms
[Zhang et al., 2021].

creation of

One of the most impactful innovations has been
the incorporation of human induced pluripotent
stem cell (iPSC)-derived endothelial cells and
astrocytes into microfluidic chips. These systems
have successfully recapitulated the tight junctions,
selective permeability, and transport mechanisms
characteristic of the human BBB [Lee et al., 2022].
Recent studies have demonstrated that BBB chips
can predict drug penetration into the brain with
high accuracy, outperforming traditional transwell
assays and animal models [Novak et al., 2023].
This capability is particularly valuable for the
development of neurotherapeutics, where BBB
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permeability is a major determinant of drug
efficacy.

Neurovascular chips have also advanced the
modeling of neurological diseases. Alzheimer’s
disease, Parkinson’s disease, and multiple
sclerosis involve complex interactions between
neural  tissue components.
BBB-on-chip platforms incorporating
patient-derived cells have been used to study
disease-specific alterations in barrier integrity and
transport [Marx et al., 2021]. For example,
Alzheimer’s disease chips have revealed increased
permeability and altered amyloid-beta transport,

and vascular

providing mechanistic insights into disease
progression [Zhang et al.,, 2021].

neuroinflammation models

Similarly,
have demonstrated
cytokine-induced disruption of BBB integrity,
highlighting the role of immune signaling in
neurological disorders [Novak et al., 2023].

Another critical advance has been the integration
of perfusion and shear stress into BBB chips.
Dynamic flow conditions replicate the mechanical
forces experienced by endothelial cells in vivo,
promoting barrier maturation and functionality
[Lee et al., 2022]. Perfused BBB chips have
exhibited enhanced tight junction formation and
reduced nonspecific permeability compared to
static cultures, underscoring the importance of
microfluidic dynamics in replicating physiological
conditions [Wang et al., 2024]. These platforms
have been used to study the effects of shear stress
on drug transport and barrier integrity, providing
valuable insights into the interplay between
vascular mechanics and neurological health.

Neurovascular chips have also facilitated
personalized  medicine  applications. By
incorporating patient-derived iPSCs into BBB
platforms, researchers have created individualized
models of drug transport and barrier function
[Wang et al., 2024]. These personalized systems
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enable the
patient-specific contexts, paving the way for
precision neurology. Recent studies have
demonstrated the use of patient-derived BBB chips

testing of neurotherapeutics in

to predict therapeutic responses in epilepsy and
neurodegenerative diseases, highlighting the
translational potential of these platforms [Novak et
al., 2023].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
BBB chips. Endothelial cells often lose
functionality over extended culture periods, and
maintaining barrier integrity requires careful
optimization of co-culture conditions [Marx et al.,
2021]. Efforts are wunderway to develop
standardized protocols for BBB chip fabrication
and validation, ensuring reproducibility across
laboratories [Zhang et al., 2021]. Additionally,
scalability for industrial adoption is being
addressed through innovations in automated chip
fabrication and high-throughput screening
platforms [Lee et al., 2022].

In summary, neurovascular and BBB chips
represent a  transformative  advance in
organ-on-chip technologies. By replicating the
complex interface between the vascular system
and neural these platforms provide
powerful tools for studying drug transport, disease
mechanisms, and personalized therapeutic
responses. The last five years have demonstrated
the potential of BBB chips to revolutionize
neurotherapeutic development

tissue,

and precision
medicine, setting the stage for future innovations
in multi-organ neurovascular integration and
digital twin applications [Wang et al., 2024].

Liver-on-Chip for Drug Metabolism Studies

The liver is the central organ for drug metabolism,
detoxification, and biotransformation, making
most

liver-on-chip  platforms one of the
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extensively studied applications of
microphysiological systems. Over the past five
years, significant advances have been made in
replicating hepatic architecture, function, and
metabolic microfluidic
environments. These innovations have positioned
liver-on-chip technologies as predictive tools for
pharmacokinetics, toxicity,

medicine [Zhang et al., 2021].

activity within

and personalized

Traditional hepatocyte cultures often fail to
maintain metabolic activity and phenotypic
stability over time, limiting their translational
relevance. Liver-on-chip devices have addressed
this limitation by incorporating dynamic
perfusion, extracellular matrix scaffolds, and
co-culture with non-parenchymal cells such as
Kupffer cells and hepatic stellate cells [Lee et al.,
2022]. These systems sustain hepatocyte function
for extended periods, enabling long-term studies
of drug metabolism and toxicity. Recent work has
demonstrated that liver chips can reproduce
clinically relevant cytochrome P450 enzyme
activity, providing accurate predictions of drug
clearance and metabolite formation [Novak et al.,
2023].

One of the most impactful applications of
liver-on-chip platforms has been in modeling
drug-induced liver injury (DILI), a major cause of
drug attrition in clinical trials. By integrating
patient-derived hepatocytes into chip systems,
researchers have created personalized models
capable of predicting individual susceptibility to
hepatotoxicity [Wang et al., 2024]. For example,
acetaminophen toxicity studies conducted in liver
chips have revealed dose-dependent hepatocellular
damage and biomarker release consistent with
clinical observations [Zhang et al., 2021]. These
findings underscore the predictive power of
liver-on-chip technologies
safety.

in assessing drug

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

Multi-organ integration has further expanded the
utility of liver chips. Platforms connecting liver
modules with kidney, gut, and -cardiac
compartments have been used to study systemic
pharmacokinetics and drug-drug interactions
[Novak et al., 2023]. These
systems capture the complexity of whole-body
metabolism, offering predictive models for drug

interconnected

clearance  and  toxicity.  For  instance,
chemotherapeutic agents tested in liver-kidney
chips have exhibited clinically relevant

nephrotoxic profiles, highlighting the importance
of systemic modeling [Marx et al., 2021].

Advances in materials and microfabrication have
also enhanced liver-on-chip design. Hydrogels
such as collagen and gelatin methacryloyl
(GelMA) have been used to recreate hepatic
extracellular matrix environments, promoting
hepatocyte adhesion and function [Lee et al.,
2022]. Microfluidic perfusion systems provide
continuous nutrient delivery and waste removal,
sustaining hepatocyte viability and metabolic
activity over extended culture periods [Zhang et
al., 2021]. These innovations have enabled the
development of high-throughput liver chips
suitable for industrial adoption and regulatory
validation.

Another critical advance has been the
incorporation of biosensors into liver-on-chip
platforms. Embedded sensors allow real-time
monitoring of oxygen tension, glucose
consumption, and metabolite production [Novak et
al., 2023]. This capability provides dynamic
insights into hepatic function and drug
metabolism, reducing variability and improving
data quality. For example, liver chips equipped
with biosensors have been used to monitor
cytochrome P450 activity in response to drug
exposure, providing valuable information for
pharmacological assessments [Wang et al., 2024].
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Despite these advances, challenges remain in
achieving long-term stability and scalability of
liver-on-chip systems. Hepatocyte functionality
often declines over extended culture periods, and
maintaining reproducibility across laboratories
requires standardized protocols [Marx et al.,
2021]. Efforts are underway to develop automated
chip fabrication and high-throughput
screening platforms, addressing scalability for
pharmaceutical adoption [Zhang et al., 2021].
Regulatory agencies such as the FDA and EMA
are actively evaluating liver-on-chip systems for

liver

use in drug development pipelines, underscoring
their translational potential [Marx et al., 2021].

In summary, liver-on-chip technologies represent
a transformative advance in drug metabolism
studies. By replicating hepatic architecture and
function in physiologically relevant contexts, these
platforms provide predictive models for
pharmacokinetics, toxicity, and personalized
medicine. The last five years have demonstrated
the potential of liver chips to revolutionize drug
discovery and regulatory science, setting the stage
for future innovations in multi-organ integration,
immune modeling, and digital twin applications
[Wang et al., 2024].

Heart-on-Chip  for and

Electrophysiology

Cardiotoxicity

The heart is one of the most critical organs to
model in drug development, given the high
incidence of cardiotoxicity as a cause of drug
attrition and withdrawal. Over the past five years,
heart-on-chip  platforms  have  advanced
significantly, enabling physiologically relevant
modeling of cardiac function, electrophysiology,
and drug responses. These systems combine
microfluidic engineering, biomaterials, and stem
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cell biology to replicate myocardial architecture
and function in vitro [Zhang et al., 2021].

One of the most impactful innovations has been
the use of human induced pluripotent stem cell
(iPSC)-derived cardiomyocytes in chip platforms.
These recapitulate  patient-specific
electrophysiological properties, allowing
personalized modeling of arrhythmias and drug
responses [Lee et al., 2022]. Recent studies have
demonstrated that heart-on-chip devices seeded
with iPSC-derived cardiomyocytes can reproduce
clinically relevant QT prolongation and
arrhythmogenic phenotypes, providing predictive
insights into drug safety [Novak et al., 2023]. This
capability is particularly valuable for precision
cardiology, where patient-specific chips can guide
therapeutic decision-making.

cells

Electrophysiological ~ monitoring has been
enhanced by the integration of biosensors into
heart-on-chip platforms. Microelectrode arrays
embedded within chip devices allow real-time
measurement of action potentials, beat frequency,
and conduction velocity [Wang et al., 2024]. These
sensors provide dynamic insights into cardiac
function and drug responses, reducing variability
and improving predictive accuracy. For example,
heart chips equipped with biosensors have been
used to monitor the effects of antiarrhythmic
drugs, revealing dose-dependent changes in
electrophysiological parameters consistent with
clinical observations [Zhang et al., 2021].

Mechanical stimulation has also played a critical
role in advancing heart-on-chip design. Dynamic
perfusion and cyclic strain replicate the
mechanical forces experienced by cardiomyocytes
in vivo, promoting tissue maturation and
functionality [Marx et al., 2021]. Perfused heart
chips have exhibited enhanced contractility,
electrophysiological stability, and responsiveness
to pharmacological agents compared to static
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cultures [Lee et al., 2022]. These findings
highlight the importance of replicating mechanical
dynamics in physiologically relevant cardiac
models.

Multi-organ integration has further expanded the
utility of heart-on-chip platforms. Systems
connecting cardiac modules with liver and
vascular compartments have been used to study
drug-induced cardiotoxicity in the context of
systemic metabolism [Novak et al., 2023]. This
approach has revealed critical insights into how
hepatic metabolism influences cardiac drug
exposure, providing a more holistic understanding
of toxicity mechanisms. Similarly, vascularized
heart chips have been employed to study ischemia
and reperfusion injury, offering predictive models
for cardiovascular disease [Wang et al., 2024].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
heart-on-chip iPSC-derived
immature

systems.
cardiomyocytes  often  exhibit
phenotypes, limiting their translational relevance.
Efforts are underway to enhance maturation
through mechanical stimulation, electrical pacing,
and co-culture with fibroblasts and endothelial
cells [Marx et al, 2021]. Additionally,
reproducibility across laboratories
standardized protocols for chip fabrication, cell
differentiation, and functional assessment [Zhang
et al., 2021].

requires

In summary, heart-on-chip technologies represent
a  transformative advance in  modeling
cardiotoxicity = and  electrophysiology. By
replicating myocardial architecture, function, and
patient-specific ~ variability, these platforms
provide predictive models for drug safety, disease
mechanisms, and personalized medicine. The last
five years have demonstrated the potential of heart
chips to revolutionize cardiovascular research and
drug development, setting the stage for future
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innovations in multi-organ integration, immune
modeling, and digital twin applications [Wang et
al., 2024].

Lung-on-Chip for Disease

Modeling

Respiratory

The lung is a highly dynamic organ, responsible
for gas exchange and host defense, and its complex
physiology has posed significant challenges for in
vitro modeling. Over the past five years,
lung-on-chip  platforms  have  advanced
considerably, enabling physiologically relevant
modeling of respiratory mechanics, barrier
function, and disease progression. These systems
combine microfluidic engineering, biomaterials,
and patient-derived cells to replicate alveolar
architecture and function in vitro [Zhang et al.,
2021].

One of the most impactful innovations has been
the replication of alveolar mechanics within chip
environments. Lung-on-chip devices
incorporating flexible membranes and cyclic
mechanical strain have successfully reproduced
breathing motions, promoting alveolar epithelial
maturation and barrier integrity [Huh et al., 2020].
These dynamic systems provide physiologically
relevant models for studying respiratory diseases
such as asthma, chronic obstructive pulmonary
disease (COPD), and pulmonary fibrosis [Lee et
al., 2022]. Recent studies have demonstrated that
cyclic strain enhances surfactant secretion and
barrier function, underscoring the importance of
mechanical dynamics in lung physiology [Novak
et al., 2023].

Lung-on-chip platforms have also advanced the
modeling of infectious diseases. By incorporating
alveolar epithelial cells, endothelial cells, and
immune components, researchers have created
physiologically relevant models of viral and
bacterial infections [Marx et al., 2021]. For
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example, = SARS-CoV-2 studies
conducted in lung chips have revealed viral
replication, cytokine release, and barrier
disruption consistent with clinical observations
[Zhang et al., 2021]. These findings highlight the
translational utility of lung-on-chip systems in

infection

studying  host—pathogen  interactions  and
therapeutic interventions.

Another critical advance has been the
incorporation of patient-derived cells into

lung-on-chip platforms. Induced pluripotent stem
cell (iPSC)-derived alveolar epithelial cells have
been used to create personalized models of
respiratory disease [Lee et al., 2022]. These
patient-specific systems enable the testing of
therapeutics in individualized contexts, paving the
way for precision pulmonology. Recent studies
have demonstrated the use of patient-derived lung
chips to predict therapeutic responses in cystic
fibrosis and idiopathic pulmonary fibrosis,
underscoring their potential for personalized
medicine [Wang et al., 2024].

Perfusion and vascularization have further
enhanced lung-on-chip design. Microfluidic
vascular networks integrated with alveolar

compartments replicate the dynamic interplay
between epithelial and endothelial barriers [Novak
et al., 2023]. These systems have been used to
study pulmonary edema, inflammation, and
vascular permeability, providing predictive
models for respiratory disease progression [Marx
et al., 2021]. Perfused lung chips have also
facilitated immune cell circulation, enabling
physiologically relevant models of immune
surveillance and inflammation [Zhang et al.,
2021].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
lung-on-chip systems. Maintaining alveolar
epithelial and endothelial functionality over
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extended culture periods requires careful
optimization of co-culture conditions and
mechanical stimulation [Lee et al., 2022]. Efforts
are underway to develop standardized protocols
for lung chip fabrication and validation, ensuring
reproducibility across laboratories [Marx et al.,
2021]. Additionally, scalability for industrial
adoption is being addressed through innovations in
automated chip fabrication and high-throughput

screening platforms [Novak et al., 2023].

In summary, lung-on-chip technologies represent
a transformative advance in respiratory disease
modeling. By replicating alveolar mechanics,
barrier function, and host—pathogen interactions in
physiologically relevant contexts, these platforms
provide predictive models for drug discovery,
disease progression, and personalized medicine.
The last five years have demonstrated the potential
of lung chips to revolutionize respiratory research
and therapeutic development, setting the stage for
future innovations in multi-organ integration,
immune modeling, and digital twin applications
[Wang et al., 2024].

Gut-on-Chip for Microbiome and Nutrient
Absorption Studies

The gastrointestinal (GI) tract plays a central role
in nutrient absorption, metabolism, and host—
microbiome interactions, making it a critical target
for organ-on-chip (OOC) technologies. Over the
past five years, gut-on-chip platforms have
advanced significantly, enabling physiologically
relevant modeling of intestinal barrier function,
peristalsis, and microbial colonization. These
systems combine microfluidic
biomaterials, and patient-derived cells to replicate
intestinal physiology in vitro [Zhang et al., 2021].

engineering,
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One of the most impactful innovations has been
the replication of peristaltic motion within chip
environments. Gut-on-chip devices incorporating
flexible membranes and cyclic mechanical strain
have successfully reproduced intestinal motility,
promoting epithelial maturation and barrier
integrity [Novak et al., 2023]. These dynamic
systems provide physiologically relevant models
for studying nutrient absorption, drug transport,
and gastrointestinal diseases such as inflammatory
bowel disease (IBD) and irritable bowel syndrome
(IBS) [Lee et al., 2022]. Recent studies have
demonstrated that cyclic strain enhances villus
tight integrity,
importance of mechanical

formation  and junction
underscoring the

dynamics in gut physiology [Marx et al., 2021].

Gut-on-chip platforms have also advanced the
modeling of host-microbiome interactions. By
incorporating commensal and  pathogenic
microbes into chip environments, researchers have
created physiologically relevant models of
microbial colonization and immune responses
[Zhang et al., 2021]. For example, gut chips seeded
with human intestinal epithelial cells
microbiota have been used to study microbial
metabolism, short-chain fatty acid production, and
barrier modulation [Novak et al., 2023]. These
systems provide valuable insights into the role of
the microbiome in health and disease, highlighting

and

the translational utility of  gut-on-chip
technologies.

Another critical advance has been the
incorporation of patient-derived cells into

gut-on-chip platforms. Induced pluripotent stem
cell (iPSC)-derived intestinal epithelial cells have
been used to create personalized models of
gastrointestinal physiology [Lee et al., 2022].
These patient-specific systems enable the testing
of therapeutics in individualized contexts, paving
the way for precision gastroenterology. Recent
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studies have demonstrated the wuse of
patient-derived gut chips to predict therapeutic
responses in celiac disease and Crohn’s disease,
underscoring their potential for personalized

medicine [Wang et al., 2024].

Perfusion and vascularization have further
enhanced gut-on-chip design. Microfluidic
vascular networks integrated with intestinal

compartments replicate the dynamic interplay
between epithelial and endothelial barriers [Novak
et al., 2023]. These systems have been used to
study nutrient absorption, drug transport, and
systemic exposure, providing predictive models
for pharmacokinetics and toxicity [Marx et al.,
2021]. Perfused gut chips have also facilitated
immune cell circulation, enabling physiologically
relevant models of immune surveillance and
inflammation [Zhang et al., 2021].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
gut-on-chip systems. Maintaining epithelial and
microbial functionality over extended culture
periods requires careful optimization of co-culture
conditions and mechanical stimulation [Lee et al.,
2022]. Efforts are underway to develop
standardized protocols for gut chip fabrication and
validation, ensuring reproducibility  across
laboratories [Marx et al.,, 2021]. Additionally,
scalability for industrial adoption 1is being
addressed through innovations in automated chip
fabrication and high-throughput
platforms [Novak et al., 2023].

screening

In summary, gut-on-chip technologies represent a
transformative advance in modeling nutrient
absorption and host-microbiome interactions. By
replicating intestinal mechanics, barrier function,
and microbial colonization in physiologically
relevant contexts, these platforms provide
predictive models for drug discovery, disease
progression, and personalized medicine. The last
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five years have demonstrated the potential of gut
chips to revolutionize gastrointestinal research and
therapeutic development, setting the stage for
future innovations in multi-organ integration,
immune modeling, and digital twin applications
[Wang et al., 2024].

Kidney-on-Chip for and

Filtration

Nephrotoxicity

The kidney plays a vital role in drug clearance,
electrolyte balance, and waste excretion, making it
a critical target for organ-on-chip (OOC)
technologies. Over the past five years,
kidney-on-chip  platforms have advanced
significantly, enabling physiologically relevant
modeling of nephrotoxicity, glomerular filtration,
and tubular reabsorption. These systems combine
microfluidic  engineering, biomaterials,
patient-derived cells to replicate renal physiology
in vitro [Zhang et al., 2021].

and

One of the most impactful innovations has been
the replication of glomerular filtration within chip
environments. Kidney-on-chip devices
incorporating podocytes, endothelial cells, and
basement membrane scaffolds have successfully
reproduced selective filtration of plasma
components, mimicking the glomerular barrier
[Novak et al., 2023]. These systems provide
physiologically relevant models for studying
proteinuria, diabetic nephropathy, and
glomerulonephritis.  Recent  studies  have
demonstrated that kidney chips can reproduce
clinically relevant filtration dynamics, offering
predictive insights into renal disease progression
[Lee et al., 2022].

Tubular reabsorption and secretion have also been
replicated in kidney-on-chip platforms. By
incorporating proximal tubule epithelial cells into
microfluidic channels, researchers have created
physiologically relevant models of drug transport
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and nephrotoxicity [Marx et al., 2021]. These
systems have been used to study the renal handling
of antibiotics, chemotherapeutics, and antivirals,
providing valuable insights into drug clearance
and toxicity. For example, cisplatin nephrotoxicity
studies conducted in kidney chips have revealed
dose-dependent tubular damage and biomarker

release consistent with clinical observations
[Zhang et al., 2021].

Another critical advance has been the
incorporation of patient-derived cells into

kidney-on-chip platforms. Induced pluripotent
stem cell (iPSC)-derived renal epithelial cells have
been used to create personalized models of
nephrotoxicity and renal disease [Lee et al., 2022].
These patient-specific systems enable the testing
of therapeutics in individualized contexts, paving
the way for precision nephrology. Recent studies
have demonstrated the use of patient-derived
kidney chips to predict therapeutic responses in
polycystic  kidney disease and diabetic
nephropathy, underscoring their potential for
personalized medicine [Wang et al., 2024].

Perfusion and vascularization have further
enhanced kidney-on-chip design. Microfluidic
networks integrated with  renal
compartments replicate the dynamic interplay
between glomerular and tubular barriers [Novak et
al., 2023]. These systems have been used to study
renal blood flow, and
ischemia-reperfusion injury, providing predictive
models for renal disease progression [Marx et al.,
2021]. Perfused kidney chips have also facilitated
immune cell circulation, enabling physiologically
relevant models of renal inflammation and
immune-mediated injury [Zhang et al., 2021].

vascular

oxygenation,

Despite these advances, challenges remain in
achieving long-term stability and scalability of
kidney-on-chip systems. Maintaining podocyte
and tubular epithelial functionality over extended
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culture periods requires careful optimization of
co-culture conditions and mechanical stimulation
[Lee et al., 2022]. Efforts are underway to develop
standardized protocols for kidney chip fabrication
and validation, ensuring reproducibility across
laboratories [Marx et al., 2021]. Additionally,
scalability for adoption is being
addressed through innovations in automated chip

industrial

fabrication and high-throughput screening
platforms [Novak et al., 2023].
In summary, kidney-on-chip technologies

represent a transformative advance in modeling
nephrotoxicity and renal physiology. By
replicating  glomerular  filtration,  tubular
reabsorption, and patient-specific variability in
physiologically relevant contexts, these platforms
provide predictive models for drug discovery,
disease progression, and personalized medicine.
The last five years have demonstrated the potential
of kidney chips to revolutionize nephrology
research and therapeutic development, setting the
stage for future innovations in multi-organ
integration, immune modeling, and digital twin
applications [Wang et al., 2024].

Skin-on-Chip for Barrier and Wound Healing
Models

The skin is the largest organ of the human body,
protective  barrier  against
environmental insults, pathogens, and chemical
exposures. It also plays a critical role in wound

serving as a

healing, immune surveillance, and drug
absorption. Over the past five years, skin-on-chip
platforms have advanced considerably, enabling
physiologically relevant modeling of epidermal

barrier function, dermal interactions, and
regenerative processes. These systems combine
microfluidic  engineering, biomaterials, and

patient-derived cells to replicate skin physiology
in vitro [Zhang et al., 2021].
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One of the most impactful innovations has been
the replication of the epidermal barrier within chip
environments. Skin-on-chip devices incorporating
keratinocytes, fibroblasts, and extracellular matrix
scaffolds have successfully reproduced stratified
epidermal layers and barrier integrity [Novak et
al., 2023]. These systems provide physiologically
relevant models for studying transdermal drug
delivery, cosmetic testing, and dermatological
diseases such as psoriasis and eczema. Recent
studies have demonstrated that skin chips can
reproduce clinically relevant permeability and
barrier function, offering predictive insights into
topical drug absorption [Lee et al., 2022].

Wound healing models have also advanced
significantly in skin-on-chip platforms. By
incorporating dynamic perfusion and immune
components, researchers have created
physiologically relevant models of tissue repair
and regeneration [Marx et al., 2021]. These
systems have been used to study keratinocyte
migration, fibroblast activation, and angiogenesis
under controlled microfluidic conditions.
example, wound healing studies conducted in skin
chips have revealed dose-dependent effects of
growth factors and biomaterials on tissue
regeneration, consistent with clinical observations
[Zhang et al., 2021]. These findings highlight the
translational utility of skin-on-chip technologies in
regenerative medicine.

For

Another critical advance has been the
incorporation of patient-derived cells into
skin-on-chip platforms. Induced pluripotent stem
cell (iPSC)-derived keratinocytes and fibroblasts
have been used to create personalized models of
skin physiology and wound healing [Lee et al.,
2022]. These patient-specific systems enable the
testing of therapeutics in individualized contexts,
paving the way for precision dermatology. Recent
studies have demonstrated the wuse of
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patient-derived skin chips to predict therapeutic
responses in chronic wounds and genetic skin
disorders, underscoring their potential for
personalized medicine [Wang et al., 2024].

Perfusion and vascularization have further
enhanced skin-on-chip design. Microfluidic
vascular networks integrated with dermal

compartments replicate the dynamic interplay
between epidermal and vascular barriers [Novak et
al., 2023]. These systems have been used to study
inflammation, immune cell infiltration, and
angiogenesis, providing predictive models for
wound healing and dermatological disease
progression [Marx et al., 2021]. Perfused skin
chips have also facilitated immune cell circulation,
enabling physiologically relevant models of
immune surveillance and inflammatory responses
[Zhang et al., 2021].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
skin-on-chip systems. Maintaining epidermal
stratification and dermal
extended culture periods requires careful
optimization of co-culture conditions and
mechanical stimulation [Lee et al., 2022]. Efforts
are underway to develop standardized protocols
for skin chip fabrication and validation, ensuring
reproducibility across laboratories [Marx et al.,
2021]. Additionally, scalability for industrial
adoption is being addressed through innovations in

functionality over

automated chip fabrication and high-throughput
screening platforms [Novak et al., 2023].

In summary, skin-on-chip technologies represent a
transformative advance in modeling barrier
function and wound healing. By replicating
epidermal stratification, dermal interactions, and
patient-specific variability in physiologically
relevant contexts, these platforms provide
predictive models for drug discovery, cosmetic
testing, and regenerative medicine. The last five
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years have demonstrated the potential of skin chips
to revolutionize dermatological research and
therapeutic development, setting the stage for
future innovations in multi-organ integration,
immune modeling, and digital twin applications
[Wang et al., 2024].

Placenta-on-Chip for Maternal-Fetal Interface
Studies

The placenta is a unique and transient organ that
plays a critical role in maternal—fetal
communication, nutrient transfer, and immune
regulation during pregnancy. Replicating its
complex physiology in vitro has been a
longstanding challenge, but over the past five
years, placenta-on-chip platforms have advanced
significantly. These systems combine microfluidic
engineering, biomaterials, and patient-derived
cells to model the maternal-fetal interface with

unprecedented fidelity [Zhang et al., 2021].

One of the most impactful innovations has been
the replication of the placental barrier within chip
environments. Placenta-on-chip devices
incorporating trophoblasts, endothelial cells, and
stromal components have successfully reproduced
selective transport of nutrients, and
metabolites  across  maternal fetal
compartments [Novak et al., 2023]. These systems
provide physiologically relevant models for
studying nutrient transfer, drug transport, and
toxicological exposures during pregnancy. Recent

gases,
and

studies have demonstrated that placenta chips can
reproduce clinically relevant permeability and
transport dynamics, offering predictive insights
into maternal—fetal health [Lee et al., 2022].

Placenta-on-chip platforms have also advanced the
modeling of pregnancy complications. By
incorporating patient-derived trophoblasts and
immune cells, researchers have created

physiologically relevant models of preeclampsia,
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gestational diabetes, and intrauterine growth
restriction [Marx et al., 2021]. These systems have
been used to study altered barrier integrity,
cytokine signaling, and vascular dysfunction under
controlled microfluidic conditions. For example,
preeclampsia models in placenta chips have
revealed increased oxidative stress and impaired
transport, with
observations [Zhang et al., 2021]. These findings
highlight  the  translational  utility  of
placenta-on-chip technologies in maternal—fetal
medicine.

nutrient consistent clinical

been the
cells

Another critical advance has
incorporation of patient-derived
placenta-on-chip platforms. Induced pluripotent
(iPSC)-derived trophoblasts

endothelial cells have been used to create

into

stem cell and
personalized models of maternal—fetal physiology
[Lee et al., 2022]. These patient-specific systems
enable the testing of therapeutics in individualized
contexts, paving the way for precision obstetrics.
Recent studies have demonstrated the use of
patient-derived  placenta chips to predict
therapeutic responses in pregnancy complications,
underscoring their potential for personalized
medicine [Wang et al., 2024].

Perfusion and vascularization have further
enhanced placenta-on-chip design. Microfluidic
vascular networks integrated with maternal and
fetal compartments replicate the dynamic interplay
between trophoblasts and endothelial barriers
[Novak et al., 2023]. These systems have been
used to study maternal blood flow, oxygenation,
and nutrient transfer, providing predictive models
for pregnancy outcomes [Marx et al., 2021].
Perfused placenta chips have also facilitated
immune cell circulation, enabling physiologically
relevant models of maternal-fetal immune
tolerance and inflammation [Zhang et al., 2021].
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Despite these advances, challenges remain in
achieving long-term stability and scalability of
placenta-on-chip Maintaining
trophoblast and endothelial functionality over
extended periods careful
optimization of co-culture conditions and
mechanical stimulation [Lee et al., 2022]. Efforts
are underway to develop standardized protocols
for placenta chip fabrication and validation,
ensuring reproducibility across laboratories [Marx
etal., 2021]. Additionally, scalability for industrial
adoption is being addressed through innovations in
automated chip fabrication and high-throughput

systems.

culture requires

screening platforms [Novak et al., 2023].

In summary, placenta-on-chip technologies
represent a transformative advance in maternal—
fetal interface studies. By replicating barrier
function, nutrient transfer, and patient-specific
variability in physiologically relevant contexts,
these platforms provide predictive models for
pregnancy complications, drug safety, and
personalized medicine. The last five years have
demonstrated the potential of placenta chips to
revolutionize obstetric research and therapeutic
development, setting the stage for future
innovations in multi-organ integration, immune
modeling, and digital twin applications [Wang et
al., 2024].

Cancer-on-Chip for Tumor Microenvironment
and Therapy Testing

Cancer remains one of the most complex and
heterogeneous diseases to model, given the
intricate interplay between tumor cells, stromal
components, vasculature, and immune responses.
Over the past five years, cancer-on-chip platforms

have advanced significantly, enabling
physiologically relevant modeling of tumor
microenvironments, metastatic processes, and

therapeutic responses. These systems combine

microfluidic  engineering, biomaterials, and
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patient-derived cells to replicate cancer biology in
vitro [Zhang et al., 2021].

One of the most impactful innovations has been
the replication of tumor microenvironments within
chip  platforms.  Cancer-on-chip  devices
incorporating tumor organoids, fibroblasts,
endothelial cells, and immune components have
successfully reproduced the cellular heterogeneity
and signaling dynamics characteristic of solid
tumors [Novak et al.,, 2023]. These systems
provide physiologically relevant models for
studying tumor growth, angiogenesis, and immune
evasion. Recent studies have demonstrated that
cancer chips can reproduce clinically relevant
hypoxia, gradients, cytokine
signaling, offering predictive insights into tumor
progression [Lee et al., 2022].

nutrient and

Therapy testing has also advanced significantly in

cancer-on-chip platforms. By incorporating
patient-derived  tumor  cells into  chip
environments,  researchers  have created
personalized models capable of predicting

individual responses to chemotherapy, targeted
therapy, and immunotherapy [Wang et al., 2024].
For example, cancer chips seeded with
patient-derived colorectal tumor organoids have
been used to evaluate responses to EGFR
inhibitors, revealing patient-specific variability
consistent with clinical outcomes [Zhang et al.,
2021]. These findings highlight the translational
utility of cancer-on-chip technologies in precision
oncology.

Another critical advance has been the
incorporation of immune system components into
cancer-on-chip platforms. By co-culturing tumor
cells with T lymphocytes, macrophages, and
dendritic cells, researchers have created
physiologically relevant models of tumor-immune
interactions [Novak et al., 2023]. These systems
have been used to study immune cell infiltration,
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cytokine signaling, and therapeutic resistance
under controlled microfluidic conditions. For
example, tumor-immune chips have revealed
mechanisms of checkpoint inhibitor resistance,
providing valuable insights into immunotherapy
outcomes [Marx et al., 2021].

Perfusion and vascularization have further
enhanced cancer-on-chip design. Microfluidic
vascular networks integrated with tumor

compartments replicate the dynamic interplay
between tumor cells and endothelial barriers [Lee
et al., 2022]. These systems have been used to
study angiogenesis, vascular permeability, and
metastatic dissemination, providing predictive
models for cancer progression. Perfused cancer
chips have also facilitated immune cell circulation,
enabling physiologically relevant models of
immune  surveillance and tumor—-immune
dynamics [Zhang et al., 2021].

Despite these advances, challenges remain in
achieving long-term stability and scalability of
cancer-on-chip systems. Maintaining tumor
heterogeneity and immune functionality over
extended culture periods requires
optimization of co-culture conditions
microfluidic dynamics [Novak et al, 2023].
Efforts are underway to develop standardized

careful
and

protocols for cancer chip fabrication and
validation, ensuring reproducibility across
laboratories [Marx et al., 2021]. Additionally,
scalability for industrial adoption is being

addressed through innovations in automated chip

fabrication and high-throughput screening
platforms [Wang et al., 2024].
In summary, cancer-on-chip technologies

represent a transformative advance in modeling
tumor microenvironments and therapy testing. By
replicating  tumor  heterogeneity, = immune
interactions, and patient-specific variability in
physiologically relevant contexts, these platforms
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provide predictive models for drug discovery,
disease progression, and personalized medicine.
The last five years have demonstrated the potential
of cancer chips to revolutionize oncology research
and therapeutic development, setting the stage for
future innovations in multi-organ integration,
immune modeling, and digital twin applications
[Wang et al., 2024].

Integration of Biosensors and Real-Time
Monitoring in Chips

The integration of biosensors into organ-on-chip
(OOC) platforms has been one of the most
transformative advances in microphysiological
systems over the past five years. Traditional cell
culture and chip models often relied on endpoint
assays, which limited the ability to capture
dynamic  physiological
innovations in biosensor technology have enabled
continuous, real-time monitoring of biochemical,
mechanical, and electrophysiological parameters,
significantly enhancing the fidelity and utility of
OOC platforms [Zhang et al., 2021].

responses.  Recent

One of the most impactful developments has been
the incorporation of electrochemical and optical
biosensors into chip environments. These sensors
allow real-time measurement of oxygen tension,
pH, glucose consumption, and lactate production,
providing dynamic insights into tissue metabolism
and homeostasis [Lee et al., 2022]. For example,
liver-on-chip devices equipped with biosensors
have been used to monitor cytochrome P450
activity in response to drug exposure, offering
predictive insights into drug metabolism and
toxicity [Novak et al., 2023]. Similarly, cardiac
chips integrated with microelectrode arrays have

enabled continuous monitoring of action
potentials, beat frequency, and conduction
velocity, providing physiologically relevant

models for cardiotoxicity testing [Wang et al.,
2024].
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Mechanical and functional monitoring has also
advanced significantly. Biosensors embedded
within chip platforms can measure contractile
force, shear stress, and tissue stiffness under
dynamic conditions [Marx et al., 2021]. These
systems have been used to study cardiac
contractility, vascular barrier integrity, and tissue
remodeling in example,
heart-on-chip devices equipped with force sensors
have revealed dose-dependent effects of
cardiotoxic drugs on contractility, consistent with
clinical observations [Zhang et al., 2021]. These
findings highlight the translational utility of
chips in drug safety

real time. For

biosensor-integrated
assessments.

Another critical advance has been the integration

of multiplexed biosensors into
multi-organ-on-chip platforms. By
simultaneous monitoring of multiple organ
compartments,  researchers  have  created

physiologically relevant models of systemic

enabling

pharmacokinetics and toxicity [Novak et al.,
2023]. These systems have been used to study drug
absorption, metabolism, and clearance across

liver, kidney, and gut modules, providing
predictive models for whole-body responses.
Multiplexed  biosensors  allow  continuous

measurement of biomarkers such as albumin,
creatinine, and cytokines, offering dynamic
insights into systemic physiology [Lee et al.,
2022].

Optical imaging and label-free biosensing have
further enhanced chip design. Techniques such as
Raman spectroscopy, impedance monitoring, and
fluorescence imaging have been integrated into
chip platforms, enabling non-invasive monitoring
of tissue function and drug responses [Marx et al.,
2021]. For example, tumor-on-chip devices
equipped with Raman sensors have been used to
monitor metabolic shifts in cancer cells under
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therapeutic exposure, providing valuable insights
into drug resistance mechanisms [Wang et al.,
2024]. These approaches reduce variability and
improve data quality by eliminating the need for
destructive endpoint assays.

Despite these advances, challenges remain in
achieving long-term stability and scalability of
biosensor-integrated  chips. drift,
biofouling, and signal variability can compromise
data quality over extended culture periods [Zhang
et al., 2021]. Efforts are underway to develop
standardized protocols for biosensor integration
and calibration, ensuring reproducibility across
laboratories [Marx et al., 2021]. Additionally,
scalability for adoption is being
addressed through innovations in automated
biosensor fabrication and high-throughput chip
platforms [Novak et al., 2023].

Sensor

industrial

In summary, the integration of biosensors and
real-time monitoring into organ-on-chip platforms
represents a  transformative advance in
microphysiological modeling. By enabling
continuous, dynamic assessment of biochemical,
mechanical, and electrophysiological parameters,
these systems provide predictive models for drug
discovery, disease progression, and personalized
medicine. The last five years have demonstrated
the potential of biosensor-integrated chips to
revolutionize translational research, setting the
stage for future innovations in multi-organ
integration, immune modeling, and digital twin
applications [Wang et al., 2024].

Al and Machine Learning Integration in
Organ-on-Chip Data Analysis

The integration of artificial intelligence (Al) and
machine learning (ML) into organ-on-chip (OOC)
platforms has emerged as a transformative
advance in microphysiological system research.
Traditional OOC studies often relied on manual

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

data collection and endpoint assays, which limited
the ability to capture dynamic, high-dimensional
datasets. Over the past five years, Al-driven
approaches have enabled automated analysis,
predictive  modeling, and  digital twin
development, significantly = enhancing the
translational utility of OOC technologies [Zhang

etal., 2021].

One of the most impactful applications has been
the use of ML algorithms for real-time data
analysis. Biosensor-integrated chips generate
continuous streams of biochemical, mechanical,
and electrophysiological data. ML models can
process these datasets to identify patterns, detect
anomalies, and predict physiological responses
[Lee et al., 2022]. For example, cardiac chips
equipped with microelectrode arrays produce
complex electrophysiological signals that can be
analyzed using deep learning algorithms to predict
arrhythmogenic risk under drug exposure [Novak
et al., 2023]. Similarly, liver-on-chip platforms
have used ML models to predict cytochrome P450
activity and drug clearance, providing dynamic
insights into metabolism [Wang et al., 2024].

Al has also advanced the development of digital
twins for OOC platforms. Digital twins are
computational models that replicate the behavior
of physical systems in silico. By integrating
real-time chip data with mechanistic and statistical
models, researchers have created digital twins
capable of simulating organ function, disease
progression, and therapeutic responses [Marx et
al., 2021]. These systems enable predictive
modeling of drug pharmacokinetics and toxicity,
reducing reliance on animal models and improving
translational accuracy. Recent studies have
demonstrated the wuse of digital
multi-organ-on-chip  platforms to

twins 1n
simulate
and clearance,

systemic drug distribution
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highlighting the potential of Al-driven approaches
in regulatory science [Wang et al., 2024].

Another critical advance has been the use of Al for
image analysis in OOC platforms. High-resolution
imaging techniques such as confocal microscopy,
Raman spectroscopy, and fluorescence imaging
generate large datasets that are difficult to analyze
manually. Al-based image recognition algorithms
can process these datasets to quantify tissue
morphology, barrier and cellular
interactions [Zhang et al., 2021]. For example,
tumor-on-chip devices have used Al-driven image
analysis to monitor cancer cell proliferation,

integrity,

immune cell infiltration, and therapeutic responses
under dynamic conditions [Novak et al., 2023].
These approaches provide quantitative insights
into complex biological processes, enhancing
reproducibility and data quality.

Al has also facilitated personalized medicine
applications in OOC platforms. By integrating
patient-derived chip data with ML models,
researchers have created individualized predictive
systems capable of forecasting therapeutic
responses [Lee et al., 2022]. These patient-specific
digital twins enable precision medicine by
simulating drug efficacy and toxicity in
individualized contexts. Recent studies have
demonstrated the use of Al-driven OOC platforms
to predict therapeutic outcomes in oncology,
cardiology, and hepatology, underscoring their
translational potential [Wang et al., 2024].

Despite these advances, challenges remain in
standardization, data integration, and regulatory
acceptance of Al-driven OOC platforms.
Variability in chip fabrication, sensor calibration,
and data acquisition can compromise model
accuracy [Marx et al., 2021]. Efforts are underway

to develop standardized protocols for data
collection, preprocessing, and model validation,
ensuring reproducibility across laboratories
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[Zhang et al., 2021]. Additionally, regulatory
agencies are actively evaluating the use of
Al-driven OOC platforms in drug development
pipelines, highlighting the need for transparent and
interpretable models [Wang et al., 2024].

In summary, Al and machine learning integration
into organ-on-chip platforms represents a
transformative advance in microphysiological
system research. By enabling real-time data
analysis, predictive modeling, and digital twin
development, these approaches provide powerful
tools for drug discovery, disease modeling, and
personalized medicine. The last five years have
demonstrated the potential of Al-driven OOC
platforms to revolutionize translational research
and regulatory science, setting the stage for future
innovations in multi-organ integration, immune
modeling, and explainable Al applications [Wang
etal., 2024].

Digital Twin Development for Personalized
Medicine

Digital twin technology has rapidly emerged as a
powerful complement to organ-on-chip (OOC)
platforms, enabling the creation of computational
replicas of human physiology that integrate
real-time experimental data. Over the past five
years, digital twins have been increasingly applied
to personalized medicine, offering predictive
insights into drug efficacy, toxicity, and disease
progression. By combining mechanistic modeling,
machine learning, and biosensor-derived data,
digital twins provide dynamic, individualized
simulations of organ function and systemic
physiology [Zhang et al., 2021].

One of the most impactful applications has been
the integration of OOC data streams into
patient-specific digital twins. Biosensor-equipped
chips generate continuous measurements of
biochemical, mechanical, and electrophysiological
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parameters, which can be fed into computational
models to simulate patient responses [Lee et al.,
2022]. For example, cardiac chips integrated with

digital twins have been used to predict
arrhythmogenic risk under drug exposure,
providing individualized safety assessments

[Novak et al.,, 2023]. Similarly, liver-on-chip
platforms connected to digital twins have enabled
dynamic modeling of drug metabolism and
clearance, offering predictive insights into
pharmacokinetics [Wang et al., 2024].

Digital twins have also advanced multi-organ
integration in personalized medicine. By
connecting liver, kidney, gut, and cardiac modules
within computational frameworks, researchers
have systemic capable of
simulating whole-body drug distribution and
toxicity [Marx et al., 2021]. These multi-organ
digital twins capture inter-organ communication
and variability, providing predictive models for
drug—drug interactions and systemic disease

created models

progression. Recent studies have demonstrated the
use of multi-organ digital twins to simulate
chemotherapy pharmacokinetics, highlighting
their potential in oncology [Novak et al., 2023].

Another critical advance has been the
incorporation of patient-derived data into digital
twin development. Genomic, proteomic, and
metabolomic datasets can be integrated with OOC
outputs to create individualized predictive models
[Lee et al., 2022]. These patient-specific digital
twins enable precision medicine by forecasting
therapeutic efficacy and toxicity in personalized
contexts. For example, patient-derived tumor
chips connected to digital twins have been used to
predict immunotherapy responses, underscoring
the translational utility of these platforms in
oncology [Wang et al., 2024].

Al and machine learning have further enhanced
digital twin development. Deep learning
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algorithms can process high-dimensional datasets
from OOC platforms, identifying patterns and
predicting outcomes with high accuracy [Zhang et
al., 2021]. These models enable adaptive digital
twins that evolve with new data, providing
dynamic simulations of disease progression and
therapeutic responses. For instance, adaptive
digital twins have been used to model the
progression of neurodegenerative  diseases,
integrating BBB-on-chip data with computational
frameworks [Marx et al., 2021].

Despite these advances, challenges remain in
standardization, data integration, and regulatory
acceptance of  digital technologies.
Variability in chip fabrication, sensor calibration,
and data acquisition can compromise model
accuracy [Novak et al., 2023]. Efforts are
underway to develop standardized protocols for
digital twin validation, ensuring reproducibility
across laboratories [Marx et al., 2021].
Additionally, regulatory agencies are actively

twin

evaluating the use of digital twins in drug
development pipelines, highlighting the need for
transparent and interpretable models [Wang et al.,
2024].

In summary, digital twin development represents a
transformative advance in personalized medicine.
By integrating OOC data with computational
modeling and patient-specific datasets, digital
twins provide predictive simulations of organ
function, systemic physiology, and therapeutic
responses. The last five years have demonstrated
the potential of digital twins to revolutionize
translational research and regulatory science,
setting the stage for future
multi-organ integration, immune modeling, and
explainable Al applications [Wang et al., 2024].

innovations in

Regulatory Perspectives and Standardization
of Organ-on-Chip Technologies
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The rapid evolution of organ-on-chip (OOC)
platforms has prompted increasing attention from
regulatory agencies worldwide. While these
systems hold immense promise for drug discovery,
toxicity testing, and personalized medicine, their
adoption in regulatory pipelines requires rigorous
validation, standardization, and harmonization.
Over the past five years, significant progress has
been made in establishing frameworks for OOC
evaluation, but challenges remain in achieving
global consensus [Zhang et al., 2021].

One of the most impactful developments has been
the engagement of agencies such as the U.S. Food
and Drug Administration (FDA), the European
Medicines Agency (EMA), and the Organisation
for Economic Co-operation and Development
(OECD) in evaluating OOC technologies. These
agencies have recognized the potential of OOC
platforms to reduce reliance on animal models and
improve translational accuracy [Marx et al., 2021].
For example, the FDA has initiated pilot programs
to assess liver-on-chip and kidney-on-chip
systems for drug metabolism and nephrotoxicity
studies, highlighting their potential in regulatory
submissions [Novak et al., 2023].

Standardization has emerged as a critical priority
in regulatory science. Variability in chip
fabrication, cell sourcing, and data acquisition can
compromise reproducibility and limit regulatory
acceptance [Lee et al., 2022]. Efforts are underway
to develop standardized protocols for OOC
validation, including guidelines for cell
characterization, microfluidic  design, and
biosensor calibration. The OECD has proposed
frameworks for OOC validation in toxicology,
emphasizing the need for reproducibility,
robustness, and cross-laboratory consistency
[Marx et al., 2021]. These initiatives aim to
establish OOC platforms as reliable tools in
regulatory pipelines.
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Another critical advance has been the development
of reference standards and benchmarking datasets
for OOC validation. By comparing chip outputs
with established clinical and animal data,
researchers can assess predictive accuracy and
translational relevance [Zhang et al., 2021]. For
example, liver-on-chip systems been
benchmarked against clinical pharmacokinetic
data, demonstrating superior predictive power
compared to traditional in vitro assays [Novak et
al., 2023]. These benchmarking efforts provide
critical evidence for regulatory acceptance and
industrial adoption.

have

Regulatory perspectives have also emphasized the
importance of transparency and data sharing.
Agencies have called for open databases of OOC
validation studies, enabling cross-laboratory
comparison and meta-analysis [Lee et al., 2022].
Such initiatives facilitate harmonization across
regions and accelerate the adoption of OOC
technologies in global regulatory pipelines. Recent
collaborations between academia, industry, and
regulatory bodies have established consortia
dedicated to OOC standardization, underscoring
the importance of collective efforts in advancing
regulatory science [Marx et al., 2021].

Despite these advances, challenges remain in
achieving global harmonization of OOC standards.
Differences in regulatory frameworks across
regions can create barriers to adoption, and
variability in cell sourcing and chip design
complicates reproducibility [Zhang et al., 2021].
Efforts are underway to establish international
guidelines for OOC validation, ensuring
consistency across regulatory agencies [Novak et
al., 2023]. Additionally, scalability for industrial
adoption requires innovations in automated chip
fabrication and high-throughput screening
platforms [Wang et al., 2024].
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regulatory  perspectives and
standardization efforts represent a critical frontier
in the adoption of organ-on-chip technologies. By
establishing validation
benchmarking  datasets,

In  summary,

frameworks,
and international
guidelines, regulatory agencies are paving the way
for OOC platforms to drug
discovery, toxicity testing, and personalized
medicine. The last five years have demonstrated
the potential of OOC systems to transform
regulatory science, setting the stage for future
innovations in global harmonization, digital twin
integration, and explainable Al applications

[Wang et al., 2024].

revolutionize

Industrial Adoption and

Organ-on-Chip Platforms

Scale-Up  of

The industrial adoption of organ-on-chip (OOC)
technologies has accelerated over the past five
years, driven by their potential to reduce reliance
on animal models, improve translational accuracy,
and streamline drug development pipelines.
However, widespread implementation requires
overcoming challenges related to scalability,
reproducibility, and integration into existing
industrial workflows [Zhang et al., 2021].

One of the most impactful developments has been
the emergence of high-throughput OOC platforms.
Traditional chip systems were often limited to
small-scale, academic applications. Recent
innovations in automated fabrication, microfluidic
multiplexing, and robotic handling have enabled
the production of chips at industrial scale [Novak
et al., 2023]. These high-throughput systems allow
parallel testing of hundreds of compounds across
multiple organ modules, significantly reducing
time and cost in preclinical studies. For example,
pharmaceutical companies have  adopted
liver-on-chip and kidney-on-chip platforms for
early toxicity screening, demonstrating improved
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predictive power compared to conventional assays
[Lee et al., 2022].

Standardization has also played a critical role in
industrial adoption. Variability in chip design, cell
sourcing, and data acquisition previously limited
reproducibility across laboratories. Efforts to
establish  standardized protocols for chip
fabrication, biosensor calibration, and validation
facilitated cross-laboratory consistency
[Marx et al., 2021]. Industrial consortia and
regulatory collaborations have further accelerated
harmonization, ensuring that OOC platforms meet
quality standards required for pharmaceutical

have

pipelines. These initiatives have positioned OOC
technologies as reliable tools for industrial
applications.

Integration  with automation and digital
technologies has further enhanced scalability.
Automated cell seeding, perfusion control, and
biosensor monitoring reduce variability and
improve throughput [Novak et al., 2023].
Al-driven data analysis enables real-time
monitoring and predictive modeling, streamlining
workflows and reducing reliance on manual
interpretation [Wang et al., 2024]. For example,
multi-organ-on-chip platforms integrated with
automated imaging and machine learning
algorithms have been used to predict systemic
drug distribution and toxicity, providing dynamic
insights into pharmacokinetics [Zhang et al.,
2021].

Another critical advance has been the
commercialization of OOC platforms by
biotechnology companies. Several startups and
established firms have developed standardized
chip products tailored for pharmaceutical and
cosmetic industries [Lee et al., 2022]. These
commercial platforms offer user-friendly designs,
integrated biosensors, and compatibility with
existing laboratory infrastructure, facilitating
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adoption by non-specialist Recent
collaborations between industry and academia
have demonstrated the utility of commercial OOC
systems in drug discovery, toxicity testing, and

personalized medicine [Novak et al., 2023].

users.

Despite these advances, challenges remain in
achieving  widespread adoption.
Long-term stability of chip systems, scalability of
cell sourcing, and cost of fabrication continue to
pose barriers [Marx et al., 2021]. Additionally,
integration into regulatory pipelines requires
further wvalidation and harmonization across
agencies [Zhang et al, 2021]. Efforts are
underway to address these challenges through
innovations in automated bioprinting, stem cell
differentiation, and high-throughput screening
platforms [Wang et al., 2024].

industrial

In summary, industrial adoption and scale-up
represent a critical frontier in the evolution of
organ-on-chip  technologies. =~ By  enabling
high-throughput testing, standardization, and
integration with automation, OOC platforms are
increasingly positioned as transformative tools in
pharmaceutical and biomedical industries. The last
five years have demonstrated the potential of OOC
systems to revolutionize industrial workflows,
setting the stage for future innovations in global
harmonization, digital twin integration, and
precision medicine applications [Wang et al.,
2024].

Future Trends and
Organ-on-Chip Research

Challenges in

Organ-on-chip (OOC) technologies have matured
rapidly over the past decade, but the next five years
are expected to bring transformative advances
alongside persistent challenges. As these platforms
move from academic proof-of-concepts to
industrial and regulatory adoption, future trends
will focus on multi-organ integration, digital
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transformation, and personalized medicine, while
addressing scalability, reproducibility, and ethical
considerations [Zhang et al., 2021].

Multi-Organ Integration and Systems Biology

One of the most promising directions is the
development of
multi-organ-on-chip platforms. These systems aim
to replicate systemic physiology by linking liver,
kidney, gut, heart, and brain modules through
microfluidic circulation [Novak et al., 2023]. Such
integration enables modeling of pharmacokinetics,
drug—drug interactions, and systemic toxicity in
physiologically relevant contexts. Future research

interconnected

will focus on refining vascularized networks,
immune system incorporation, and endocrine
signaling to achieve holistic representations of
human physiology [Lee et al., 2022].

Digital Twins and AI-Driven Modeling

Digital twin technology will play a central role in
the future of OOC research. By integrating
real-time biosensor data with computational
models, digital twins can simulate organ function,
disease progression, and therapeutic responses
[Wang et al., 2024]. Al and machine learning will
further enhance predictive modeling, enabling
adaptive digital twins that evolve with new data.
These systems will support precision medicine by
forecasting individualized therapeutic outcomes,
bridging experimental and computational domains
[Marx et al., 2021].

Personalized Medicine and Patient-Derived
Chips

The use of patient-derived cells, particularly
induced pluripotent stem cells (iPSCs), will
expand the utility of OOC platforms in
personalized medicine. Future trends
emphasize the creation of individualized chips for

will
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oncology, cardiology, and neurology, enabling
patient-specific drug testing and therapeutic
optimization [Lee et al., 2022]. These personalized
systems will support clinical decision-making,
reduce trial-and-error prescribing, and advance
precision healthcare.

Industrial Scale-Up and Automation

Industrial adoption will require innovations in
scalability and automation. High-throughput OOC
platforms integrated with robotic handling,
automated perfusion, and biosensor monitoring
will become standard in pharmaceutical pipelines
[Novak et al., 2023]. Future research will focus on
costs, improving
chips

reducing fabrication
reproducibility,

automated drug screening workflows. These

and integrating into
advances will accelerate industrial adoption and

regulatory acceptance [Zhang et al., 2021].
Ethical and Regulatory Considerations

As OOC platforms become more sophisticated,
ethical and regulatory challenges will intensify.
Issues related to patient-derived cell sourcing, data
privacy in digital twins, and global harmonization
of wvalidation standards will require careful
attention [Marx et al., 2021]. Regulatory agencies
are expected to develop international guidelines
for OOC validation, ensuring reproducibility and
transparency across laboratories. Future trends
will emphasize explainable Al and standardized
benchmarking datasets to support regulatory
acceptance [Wang et al., 2024].

Remaining Challenges

Despite these advances, several challenges persist.
Long-term stability of chip systems, variability in
cell differentiation, and biofouling of biosensors
remain barriers to reproducibility [Zhang et al.,
2021]. Additionally, achieving physiologically
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relevant immune responses and endocrine
signaling in multi-organ platforms requires further
innovation [Novak et al., 2023]. Addressing these
challenges will be critical for the widespread
adoption of OOC technologies in translational

research and clinical practice.
CONCLUSION AND OUTLOOK

Organ-on-chip  (OOC) technologies  have
progressed from conceptual prototypes to
transformative platforms with broad applications
in drug discovery, toxicity testing, disease
modeling, and personalized medicine. Over the
past five years, advances in microfluidic
engineering, biomaterials, biosensor integration,
and computational modeling have significantly
enhanced the fidelity and translational relevance of
these systems [Zhang et al, 2021].
liver-on-chip for drug metabolism studies to
cancer-on-chip  for
modeling, OOC platforms have demonstrated
predictive power that surpasses traditional in vitro

From

tumor microenvironment

assays and animal models [Novak et al., 2023].

The integration of biosensors and real-time
monitoring has enabled dynamic assessment of
biochemical, mechanical, and electrophysiological
parameters, while Al and machine learning have
facilitated automated data analysis and digital twin
development [Wang et al, 2024]. These
support precision medicine by
enabling patient-specific modeling and predictive

innovations

simulations of therapeutic responses. Multi-organ
integration further expands the utility of OOC
platforms, providing systemic models for
pharmacokinetics, drug—drug interactions, and
disease progression [Lee et al., 2022].

Regulatory perspectives and industrial adoption
have advanced considerably, with agencies such as
the FDA and EMA actively evaluating OOC

systems for inclusion in drug development
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pipelines [Marx et al., 2021]. Standardization
efforts, benchmarking datasets, and international
collaborations are paving the way for global

harmonization, ensuring reproducibility and
transparency across laboratories. Industrial
scale-up, driven by  automation  and

commercialization, is positioning OOC platforms
as reliable tools in pharmaceutical and biomedical
industries [Novak et al., 2023].

Despite these advances, challenges remain in
achieving long-term stability, scalability, and
regulatory acceptance. Variability in cell sourcing,
chip fabrication, and biosensor calibration
continues to pose barriers to reproducibility
[Zhang et al., 2021]. Ethical considerations related
to patient-derived cells and data privacy in digital
twins also require careful attention. Addressing
these challenges will be critical for the widespread
adoption of OOC technologies in translational
research and clinical practice [Marx et al., 2021].

Looking forward, the convergence of OOC
platforms with Al, digital twins, and personalized
medicine promises to revolutionize biomedical
research and healthcare. Future innovations will
focus on multi-organ integration, immune system
modeling, and explainable Al, enabling holistic
representations of human physiology and
individualized therapeutic predictions [Wang et
al., 2024]. As regulatory frameworks mature and
industrial adoption accelerates, OOC technologies
are poised to become indispensable tools in drug
development, disease modeling, and precision
medicine.

In conclusion, organ-on-chip platforms represent a
paradigm shift in biomedical science. By bridging
experimental and computational domains, these

systems provide predictive, dynamic, and
personalized models of human physiology. The
last five years have demonstrated their

transformative potential, and the next decade will

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES
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likely see their integration into mainstream
research, regulatory pipelines, and clinical
practice, ushering in a new era of translational
medicine [Zhang et al., 2021].
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