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I. INTRODUCTION

The topic of organs-on-chips (OoCs) has attracted great attention
fromAPL Bioengineering due to the promising potential in disease model-
ing, drug screening, and therapeutic testing. This editorial summarizes the
progress in OoCs, including recent studies published in APL
Bioengineering, and provides insight into OoC engineering (Fig. 1). OoCs,
also known as microphysiological systems, are broadly defined as micro-
fabricated cell culture devices to engineer the functional units of human
organs in vitro. Traditional animal and in vitro 2D models face challenges
in human physiology mimicking and drug testing. Animal models fall
short in replicating human-specific responses and genetic diversity, while
2D cell cultures cannot reproduce the complex structure and physiology
of native human tissues. OoCs can recapitulate the key structures, func-
tions, and physiologies of healthy or diseased human organs and
accurately predict the safety and efficacy of investigational drugs. The
well-known microfluidic OoCs feature advanced flow control, and other
microscale devices that allow precise control of cells and microenviron-
ments are also classified as OoCs. In 2010, Ingber’s group designed a
microfluidic system for reconstituting organ-level lung functions and
invented the term “OoCs.”1 After that, the OoC field advanced rapidly
based on various microdevice platforms to build models of the brain,
heart, liver, kidney, gut, bone, vessel, cancer, and other tissues.2,3

Moreover, many complex OoC systems with diverse structure modules,
multiple organ compartments, stimulators, and sensors have been devel-
oped. However, some limitations of these OoCs still need to be addressed.

II. PROGRESS IN THE AREA: EMPOWERING
TECHNOLOGIES
A. Microfabrication

Microfabrication technologies, such as casting and 3D printing,
enable OoCs with well-defined and tissue-specific microarchitectures.

Using casting methods, polydimethylsiloxane (PDMS) or hydrogel
materials are facilely fabricated into microscale constructs, such as
microchannels, microchambers, micropatterns, microwells, and
microcolumns.4,5 Through multilayer assembling or multiunit inter-
connecting of these constructs, the OoCs achieve more complex struc-
tures and functions. For instance, a popular type of PDMS casting-
fabricated OoC, which has a porous membrane positioned between
two channels to model the epithelial lumen of the organ (such as lung
or gut) and the blood vessel lumen, has been commercialized for drug
discovery.6,7 Moreover, 3D printing technology is also widely utilized
to fabricate OoCs.8,9 3D printing can establish precise and complex
spatial multicellular assembly to enable the 3D culture of multiple cell
types in the OoC devices emulating physiological conditions by using
cell-laden bioinks.10,11 For example, the 3D-printed OoCs can contain
the vascular lumen-like structures with endothelial cells and the cell-
embedded hydrogel matrix to reproduce the blood vessels and the 3D
tissue environments.12–14

B. 3D cell culture

Integrating 3D cell culture systems is crucial for enhancing cellu-
lar fidelity, yet practical implementation of 3D cell culture remains
limited in OoCs. In many OoC systems, cells are cultured on the sur-
face of 2D or 3D chip structures to build tissue-mimicking structures.
However, these 2D culture conditions, instead of replicating a 3D cel-
lular microenvironment in vivo, alter cell morphology and gene
expression, thereby compromising the fidelity of test results. To
achieve 3D cell culture, 3D cell assembly and hydrogel-based cell
encapsulation are combined in OoC systems.15 Cell spheroids, a com-
mon type of 3D cell assembly, can easily form in microwell arrays and
are often incorporated in OoC devices.16–18 Moreover, complex 3D
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cell assemblies can be prepared using acoustic, magnetic, or optical
force-based cell manipulations.19 For instance, a biomimetic brain
tumor-on-a-chip is fabricated by the magnetic assembly of neurons,
endothelial cells, and glioblastoma cells in combination with a micro-
fluidic blood–brain barrier (BBB) system.20 In addition, 3D cell culture
can be obtained by cell encapsulation in hydrogels, which can offer
extracellular matrix-like 3D environments. Hydrogels usually need to
incorporate fabrication strategies in OoC manufacture to form tissue-
mimicking constructs.21 Interestingly, some supramolecular hydrogels
can enhance the mechanosensing of encapsulated cells and regulate
the cells to form spheroids or 3D network structures,22,23 suggesting a
facile method to build 3D biomimetic cell systems in OoCs.

C. Biophysical stimuli

Physical stimuli, such as electrical stimulation, shear stress, and
mechanical strain, are key elements of tissue microenvironments in
biological systems. Controllable flow, chemical, mechanical, and elec-
trical stimuli can be added to OoC systems.24–27 For example, through
tuning the flow conditions, kidney organoids on millifluidic chips
achieved more mature tissue structures and generated vascular net-
works, which could inspire studies of kidney development and dis-
eases.28 Moreover, a mechanical stimulator-integrated OoC system
with a stretch device and flexible stretch microplates applied cyclic lin-
ear stretch on articular chondrocytes to model mechanobiology-based
cartilage homeostasis and disease.29 In addition, some stimulation
devices, such as microelectrode arrays, can also monitor the physiolog-
ical states of OoCmodels.

D. Integrated biosensors

Sensors can record electrical, electrochemical, optical, or mechan-
ical signals to analyze cell metabolism, functions, and responses, which,

integrated into OoCs, can monitor the states of cells and cell microen-
vironments in real time.30,31 For instance, a transepithelial/endothelial
electrical resistance (TEER) measurement device, a widely used sensor
in OoCs, can monitor the integrity and permeability of epithelial/endo-
thelial barriers. TEER measurement in a BBB-on-a-chip can reflect the
barrier functionality in real time.32 Moreover, visualized sensors, such
as cantilever or pillar systems, are used in cardiac OoC models for
acquiring contractile force.33,34 In these cases, a 3D cardiac tissue strip
is anchored around two soft cantilevers or pillars, through optical
tracking of cantilever or pillar displacements to evaluate cardiac myo-
cardial contraction. Timely and accurate readout from these biosensors
is vital to the function of OoC devices.

E. Organoids

Organoids are emerging 3D cell models with promising potential
to further enhance the physiological relevance of OoC systems.
Organoids are typically derived from the self-organization of stem cells
following developmental programs to recapitulate the cell types, struc-
tural features, and specific functions of organs, while OoC technology
focuses on the precise control of various cells and microenviron-
ments.35 However, organoids are close-shaped cell assemblies and are
incompatible with modeling the internal environments and transport
processes of organs.36 Integrating organoids and OoC devices to create
engineered organoids-on-chips offers significant future potential. For
example, microfluidic OoCs, designed with intestinal structures con-
taining crypt- and villus-like domains, were used to guide organoid
geometry and establish perfusable, functional intestinal organoids-on-
chips.37,38 Moreover, through 3D printing of hydrogels, a soft micro-
fluidic device with microvessel-like structures was developed to achieve
large-scale perfused organoids-on-chips.39 These engineered organo-
ids-on-chips can control organoid morphologies and model epithelial
or vascular transport, thereby further improving the fidelity and com-
plexity of OoC systems.

III. PERSPECTIVE

In recent years, OoCs have been integrated with several advanced
cell, material, fabrication, stimulator, and monitor technologies for bet-
ter mimicking human living organs and evaluating real-time physio-
logical states. However, OoCs have yet to be widely adopted by
pharmaceutical and biotech companies due to some limitations. OoCs
are difficult to predict the drug responses from whole physiological
systems, and cannot replace animal models in many scenarios. To
address these challenges, fully harnessing the empowering bioengi-
neering technologies such as advanced microfabrication, organoids,
and cell-interactive biomaterials is critical to improving the complex-
ity, fidelity, and capability of OoCs. The biomimetic OoC systems will
play an important role in biological research and accelerate drug dis-
covery in the near future.
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