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Developing 3D bioprinting for organs-on-chips
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Organs-on-chips (OoCs) have significantly advanced biomedical research by precisely reconstructing

human microphysiological systems with biomimetic functions. However, achieving greater structural

complexity of cell cultures on-chip for enhanced biological mimicry remains a challenge. To overcome

these challenges, 3D bioprinting techniques can be used in directly building complex 3D cultures on chips,

facilitating the in vitro engineering of organ-level models. Herein, we review the distinctive features of

OoCs, along with the technical and biological challenges associated with replicating complex organ

structures. We discuss recent bioprinting innovations that simplify the fabrication of OoCs while increasing

their architectural complexity, leading to breakthroughs in the field and enabling the investigation of

previously inaccessible biological problems. We highlight the challenges for the development of 3D

bioprinted OoCs, concluding with a perspective on future directions aimed at facilitating their clinical

translation.

1. Introduction

The replication of the physiological structure and function of
human organs is crucial for advancing biomedical research
and clinical applications.1–4 Organ reconstruction in vitro
serves as an essential tool for studying functional
mechanisms, modeling diseases, and screening drugs.5–9 To
accurately mimic human physiology, reconstructed organs
must replicate the essential cell components, structures, and
functionalities.10–14 Organs-on-chips (OoCs) have emerged as
a groundbreaking technology in this area.15–22 These micro-
engineered platforms combine living cells with microfluidic
systems, creating dynamic environments that closely simulate
organ-specific functions.23–26 Compared to traditional 2D cell
cultures, OoCs can more precisely replicate human biological
features, enabling biofluid flow and spatiotemporal
distribution of substances and tissues within the body.27–33

However, OoCs face significant challenges, particularly in
recreating the complex 3D structures and biological
interactions present in human tissues.34–39 Notably, OoCs are
supposed to have the capacity to control the movement,
placement, and form of cells grown.40 Traditional OoCs also
encounter difficulties in fabrication processes and handling,
which can limit their capability in fully replicating physiology
behaviors of living tissue or organs, thus hindering their

broader application in biomedical research and clinical
settings.41–44 Thus, there is a crucial need to develop novel
engineering approaches for advancing OoCs in fields of drug
discovery and personalized medicine.

3D bioprinting has rapidly evolved into a transformative
technology with the potential to overcome these
challenges.45–49 By utilizing specialized bioinks, comprising
mixtures of cells, growth factors, and biomaterials, 3D
bioprinting enables the precise assembly of cells and
biomaterials, creating organ models on a chip or even
directly printing OoCs that can mimic the biological structure
and specific functionality of human organs.50–53 Specific cell
distributions in OoCs can be designated by employing 3D
bioprinting techniques. 3D bioprinted OoCs is hereinafter
defined as the in situ printing of biological structures within
chips. Technically, we summarize 3D bioprinting used in
OoCs into two categories: deposition-based and vat
polymerization-based bioprinting. These technological
advancements enhance the structural and functional fidelity
of OoCs, making them more convenient in engineering.54–56

Moreover, 3D bioprinting can provide precision, efficiency,
and automation features in the control of cells, biomaterials,
and extracellular matrices in OoCs. More possibilities like
mass production and artificial organ manufacture could be
explored in 3D bioprinted OoCs. Despite these
advancements, the field remains largely conceptual, with
diverse methodologies and a lack of standardization
preventing widespread practical application.

In this review, we aim to discuss bioprinting techniques in
combination with OoCs, focusing on how this integration can
overcome existing limitations and advance the field of
bioengineering. We examine the fundamental principles and
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challenges associated with OoCs and 3D bioprinting,
highlighting how these technologies can be combined to
enhance the structural and functional fidelity of organ models
(Fig. 1). Recent successes in this integration are discussed,
showcasing their potential to revolutionize biomedical research.
Finally, we conclude by discussing the future directions of 3D
bioprinted OoCs, emphasizing their promise in disease
modeling, drug screening and precise medicine.

2. Organs-on-chips

OoCs have become an essential tool for modeling organs and
their diseases, significantly enhancing our understanding of
human physiology. Named one of the top ten emerging
technologies by the World Economic Forum in 2016, OoCs
have experienced rapid growth, driven by rising demand
across the cosmetic, food, chemical, and pharmaceutical
industries.20 As their applications expand, the requirements
for OoCs are becoming more complex and rigorous, calling
for advancements in their design and functionality to meet
these evolving needs.

2.1 OoC designs and applications

Advances in organ-on-a-chip (OoC) technology are rapidly
progressing, driven by developments in engineering and
biological sciences.57 Biologically, OoC systems are
becoming increasingly complex, integrating sophisticated
design, diverse cell components, and intricate
structures.58–61 The transwell system, for instance, provides
a straightforward method for modeling tissue barriers

using a permeable membrane seeded with cells, allowing
convenient cell–cell interactions and media change
(Fig. 2a).62 However, to introduce controllable fluid flow
and mechanical simulation into OoCs, more advanced
microfluidic chips have been developed, such as those
using soft lithography and packaging techniques.63–65 An
OoC platform contained two vacuum chambers that can
stretch the cell-coated membrane, resulting in the
replication of lung breathing cycles (Fig. 2b).66

Incorporating ECM components into OoCs has further
enhanced their biological relevance. For example, a
microfluidic chip developed by Jeon et al. allowed precise
loading of ECMs and cells, facilitating the analysis of
intricate cell–matrix interactions (Fig. 2c).67

Beyond traditional monocultures, OoCs have evolved to
support self-organizing cultures and even multi-organ systems,
which more accurately represent dynamic cell development,
tissue morphogenesis, and systemic physiology.12,72 A notable
example is the organotypic angiogenesis model by Nguyen
et al., where endothelial cells are loaded into a collagen matrix
to quantitatively study angiogenic invasion and sprouting
(Fig. 2d).68 Technical innovations continue to push the
boundaries of OoC capabilities. Phan et al. developed a
vascularized and perfused OoC platform for high-throughput
drug screening (Fig. 2e),69 while Tomasi et al. introduced a
microfluidic droplet method to sequentially regulate the
culture environment of cell spheroids, enabling multiplex
operations such as co-culture, ECM encapsulation, and drug
testing (Fig. 2f).70 Recently, a multi-OoC system integrated
heart, liver, bone, and skin models, all interconnected by
biomimetic blood circuits (Fig. 2g).71 This system demonstrates
the potential of OoCs to model whole-body physiological
interactions and systemic diseases, paving the way for more
comprehensive biomedical research.

2.2 Summary and challenges

Organ-on-a-chip (OoC) technologies have advanced
significantly, gaining widespread interest and maturing
rapidly in recent years. As these technologies evolve, they are
increasingly recognized for their potential in replicating
human physiological conditions with high fidelity. Despite
the diversity in OoC designs, each system is uniquely tailored
to meet specific microphysiological needs, offering distinct
advantages and challenges (Table 1). Here, we categorize
OoCs based on their biological complexity: designated mono-
cultures, self-organizing cultures, and multi-organ systems.
Mono-cultures involve cells adhering to an ECM within the
OoC, providing stability for long-term culture. Conversely,
self-organizing cultures enable cells to invade, spread, and
grow within an ECM, creating a dynamic environment for
studying cell–cell and cell–ECM interactions. Multi-organ
cultures integrate multiple tissue models within a single
chip, facilitating the study of organ–organ interactions. Each
type of OoC offers researchers versatile options to construct
tissue models for in-depth study.

Fig. 1 A schematic illustration of 3D bioprinted organs-on-chips
(OoCs). OoCs can be directly fabricated by 3D bioprinting techniques
including deposition-based and vat polymerization-based bioprinting,
which enhance the structural and functional fidelity of organ models
and broaden the applications of OoCs.
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Despite the remarkable progress in OoC technology, two
significant challenges hinder their broader application: the
complexity of the fabrication process and the difficulty of
replicating 3D structures.73 On the one hand, OoCs must
become more user-friendly to be accessible to researchers
without specialized engineering skills. The traditional
fabrication process involves multiple steps, including
microfluidic chip manufacturing, device packaging and
integration, ECM modification, and cell seeding and
maintenance. This complexity can be a barrier to
widespread adoption. On the other hand, accurately
recreating biomimetic tissues with complex 3D structures,
such as vascular networks and multicellular parenchyma,
remains a significant challenge. Overcoming these hurdles
is essential for advancing OoC technology to the next level,
where it can more effectively replicate human tissue
complexity and be used in a wider range of biomedical
applications.

3. 3D bioprinted organs-on-chips

To address the aforementioned challenges in the field of
OoCs, 3D bioprinting has demonstrated a unique
capability to recreate organ-level structures, particularly
those involving complex hollow vessels, which are
important parts in engineered tissue models. Bioprinting
technology enables the precise shaping of bioinks into
intricate tissue structures, enabling the faithful modeling
of organ physiology and disease states. The integration of
3D bioprinting with OoCs has shown significant promise
in enhancing the realism and functionality of these
models, making them more representative of human
biology. This review will explore the fundamental
principles and challenges of both OoCs and 3D
bioprinting, emphasizing the synergistic potential of their
combination in advancing the structural and functional
fidelity of organ models.

Fig. 2 Examples of diverse organ chip designs and typical applications arranged by the biological complexity of OoCs. (a) A multi-transwell system
hosting immune-competent gut and liver models to quantify gut–liver interactome. Adapted with permission.62 Copyright 2017, Wiley Inc. (b) A
biomimetic platform reconstituting the functional alveolar–capillary interface of the human lung. Adapted with permission.66 Copyright 2010,
AAAS. (c) A microfluidic system containing an extracellular matrix (ECM) and pre-loaded cells. Adapted with permission.67 Copyright 2015, National
Academy of Sciences. (d) A biomimetic OoC with angiogenic sprouting and vessel origination. Scale bar, 100 μm. Adapted with permission.68

Copyright 2013, National Academy of Sciences. (e) Vessel-on-a-chip platform showing the self-organization perfusable vasculature. Scale bar, 200
μm. Adapted with permission.69 Copyright 2017, Royal Society of Chemistry. (f) Droplet microfluidics for forming tumor spheroids in a high-
throughput manner. Scale bar, 1 mm. Adapted with permission.70 Copyright 2020, the author(s). (g) A multi-OoC featuring various developed tissue
models interconnected by vascular flow. Adapted with permission.71 Copyright 2022, the author(s).
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3.1 Snapshot of bioprinting strategies used in OoCs

Traditional fabrication techniques for organ-on-chips (OoCs),
such as photolithography, soft lithography, and various
molding processes, have been instrumental in advancing the
field. However, these methods are hindered in recreating
complex, three-dimensional structures characteristic of
human organs and tissues. Furthermore, they often require
multistep production protocols, particularly in lithographic
techniques that involve several processing stages and masks.
These processes not only consume significant time and
resources but also require secondary cell seeding, which can
increase costs and reduce selectivity for different cell types.
As a result, the overall efficiency and flexibility of these
traditional methods are constrained.

In contrast, 3D bioprinting offers a promising alternative,
enabling the simultaneous or consecutive fabrication of
complex extracellular matrix (ECM) structures and cellular
components with rapid turnaround times and extensive
design flexibility.74 As a specialized branch of 3D printing,
bioprinting utilizes computer-aided design (CAD) to build
structures layer by layer, allowing for precise control over the
architecture of the final product. When integrated with
microfluidic chips, 3D bioprinting can automate the creation
of reproducible, accurately positioned, and perfused
multicellular cultures with customized features. This

advancement significantly enhances the potential for
physiological studies and drug testing at the organ level.
Bioprinting techniques are broadly categorized into
deposition-based and vat polymerization-based methods,
each offering unique advantages in the fabrication of OoCs
(Fig. 3).

Among various bioprinting techniques, inkjet-based
bioprinting functions by ejecting small droplets of bioink
through a nozzle using physical stimuli, precisely depositing
them onto a substrate to create a 3D structure.75 This method
excels in high-resolution printing and accurate cell
placement, essential for constructing intricate tissue
architectures.76 It excels in producing intricate, cell-laden
patterns with resolutions as fine as 10–50 μm, making it ideal
for applications requiring high spatial accuracy, such as
vascular networks or thin tissue layers. However, its
fabrication scale is limited to creating thin, two-dimensional
constructs or small, layered three-dimensional structures. To
fabricate 3D structures, extrusion-based bioprinting has been
developed, which contains continuous extrusion of bioink via
spray head to form strands, which are deposited layer by
layer.77–79 This technique is ideal for creating large, complex
tissue constructs, making it widely applicable in various
biomedical fields. With a typical resolution of 100–200 μm, it
offers lower precision than inkjet-based methods but
accommodates a wide range of bioinks, including high-

Table 1 Key features and challenges of OoCs. Each type of OoC offers researchers versatile options to construct tissue models

OoC designs Platform characteristics Advantages Challenges

Designated
cultures/mono-cultures

• Fixable arrangement of chip
components and cells

• Stable environment for cell culturing
provided by stable chips

• Limited cell communications
in 3D level
• Limited choices in cell-adhered
materials

• Step-by-step processes: chip
fabrication, chip modification, cell
seeding, and cell culturing

• Stable cell structures and
distributions

• Limited in studying the
dynamics of cell differentiation
and proliferation

• Robust physical stimulation and
stable bio-chemical regulation on cells

• Limited in studying cell
migration, invasion in 3D

• Highly reproducible and
mass-produced chip for drug screening

Self-organization
cultures

• Biomimetic ECM • Improved physiological relevance • Uncontrollable cell structures
• Variability in structure
formation
• Limited ECM selections• Better cell–cell interactions
• Limited in synergistic
self-organization of multiple
types of cells

• Perfusable tubular structures
• Easy realization of complex tissue
architectures

• More complex tissue modeling• Real-time monitoring of the cell
development dynamics

• Specific designs for cell aggregation,
growth, invasion, and migration
• Cells self-organize into biomimetic 2D
or 3D structures

Multi-organ cultures • Integration of multiple organ systems • Better systematic responses • Complex fabrication processes
• Limited phenotypic stability• Interconnected micro-environments • Simulation of organ–organ

interactions • Difficulties in suitable medium
preparation

• Recapitulation of the
pharmacokinetic and
pharmacodynamic profiles of specific
drugs

• Difficulties in multiplexing and
standardization of multi-organ
chips

• Multiple cell cultures and relative
culture media

• Increased platform complexity
and more complex tissue
modeling

• Clinical applicability

• Difficulties in reproducibility,
scaling, and automated handling
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viscosity hydrogels, composites, and cell-laden materials.
This technique is well-suited for volumetric tissues and
constructs on a centimeter scale, making it advantageous for
organ-on-a-chip and scaffold fabrication. However, finer
feature sizes are difficult to achieve, and the extrusion
process may subject cells to shear stress. To enhance
structural integrity, embedded-based bioprinting
incorporated with controllable hydrogel deposition has been
developed, enabling the precise fabrication of complex 3D
structures within a supportive, temporary matrix.80

Another advanced technique, vat polymerization-based
bioprinting, offers higher resolution and integration
capabilities.81 Techniques like digital light processing (DLP)
and stereolithography (SLA) use light to solidify
photosensitive bioinks, enabling the rapid fabrication of
intricate 3D structures with precise geometric control.82,83

This approach is particularly advantageous for applications
requiring detailed tissue structures. Additionally, two-photon
polymerization (2PP) bioprinting utilizes a femtosecond laser
to initiate polymerization at the focal point, allowing for the
generation of tissue models with complex micro- and
nanoscale architectures.84 Vat polymerization-based
bioprinting achieves the highest resolution among the three
methods, with feature sizes below 10 μm in cell-free

constructs and sub-micron precision under ideal conditions.
Besides, the fabrication scale is broad, typically supporting
micron-to-centimeter-sized constructs. Particularly, vat
polymerization-based bioprinting is ideal for fabricating
complex microarchitectures.85–87

As bioprinting technologies rapidly advance, the
development of biomaterials, known as bioinks, has also
progressed to meet diverse bioprinting needs.88–95 These
bioinks, varying widely in composition and properties, are
tailored to specific applications and tissue types.96–100 A
summary of biomaterials used in 3D bioprinting can be
found in Table 2. Generally, bioinks are categorized into
natural, synthetic, and composite polymers.101,102 The
selection of an appropriate biomaterial is crucial, as it must
balance biocompatibility, mechanical properties, and
printability to meet the specific requirements of the
engineered tissue.103–105 Different biomaterials are suitable
for relevant bioprinting techniques. For example, extrusion-
based bioprinting allows for robust, multi-material structures
by using ion- or photo-crosslinkable bioinks but has lower
resolution, suitable for vascular channels. Inkjet bioprinting
provides high resolution for patterned cell layers, ideal for
complex multi-cellular configurations, though limited to low-
viscosity bioinks. Stereolithography (SLA)/digital light

Fig. 3 Bioprinting strategies used in OoCs. (a) Schematic illustration of the deposition-based bioprinting technique, which contains inkjet-,
extrusion-, and embedded-based approaches for depositing bioinks. (b) Schematic illustration of the vat polymerization-based bioprinting
technique, which contains projection- and two-photon-based approaches for shaping bioinks.
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processing (DLP) offers the highest resolution for micro-scale
features like capillaries, using photosensitive materials. The
choice depends on balancing resolution, cell viability, and
the structural needs of the OoC model. With ongoing
advancements, the development of new and improved
biomaterials continues to expand the potential of 3D
bioprinted OoCs for biomedical applications.106,107

3.2 Applications – direct construction of OoCs

While soft lithography excels at producing perfusable
microfluidic channels that house embedded cell constructs,
its limitations in complex 3D architectures restrict its ability
to fully mimic native tissue organization. To demonstrate the
advantages of 3D bioprinting applied in OoCs, we hereinafter
introduce typical types of 3D bioprinted OoCs according to
the spatial complexity of the tissue constructs. These OoC
types include tissue–tissue interfaces, tubular models, and
3D organ-level structures.

3.2.1 Tissue–tissue interfaces. Tissue–tissue interface
engineering in OoCs is a complex and critical aspect of
replicating the interactions between different types of
tissues, such as epithelial and endothelial layers, within a
single device.141 This engineering challenge involves the
precise integration of biomaterials, cellular components,

and mechanical cues to recreate the dynamic environment
found at tissue interfaces in the human body.142,143 3D
bioprinting offers promising solutions to these challenges
by enabling the reconstruction of multi-layered tissue
frameworks, complex 3D architectures, and the integration
of a biomimetic extracellular matrix (ECM) with biofluid
dynamics. For instance, Yi et al. utilized extrusion-based
bioprinting to create tumor models with
compartmentalized cancer-stroma structures, maintaining a
radial oxygen gradient and replicating native tumor tissue
characteristics (Fig. 4a).144 To precisely tune cellular
environments while creating macroscopic morphologies,
cell microgels have been incorporated into extrusion-based
bioprinting (Fig. 4b).145 The authors demonstrated that
the bioprinted cell microgel-based scaffolds enhanced
bioactivities of microbial consortia models. For studying
cell differentiation, hiPSCs have also been employed in
bioinks.146,147 For example, one group made hiPSCs co-
differentiated into diverse cell subtypes and developed into
structural organoids (Fig. 4c).148 This approach facilitated
the spatial patterning of differentiated stem cells into
programmable, organ-specific tissues, suitable for various
therapeutic applications.

Like extrusion-based bioprinting, vat polymerization-based
bioprinting has also made significant strides in fabricating

Table 2 Biomaterials used in bioprinting and their crosslinking mechanisms. ‘(I)’ represents ‘ionic’; ‘(F)’ represents ‘free-radical chain polymerization’;
‘(T)’ represents ‘thiol-ene’; ‘(P)’ represents ‘photo-redox’

Materials Reactive group
Cross-linking
chemistry Bioprinting technique

Printable viscosity
and print fidelity

Alginate α-L-Guluronic acid (I)108–110 Inkjet, extrusion Printable viscosity
• Inkjet

Gelatin Methacryloyl (F)111–114 Inkjet, extrusion,
vat polymerization

3–12 mPa s
• Extrusion

Glycidyl allyl ether (T)115 30 to 6 × 107 mPa s
• Vat polymerizationNorbornene (T)116

Thiol (T)117,118 1–1000 mPa s
HA Methacrylate (F)119,120 Inkjet, extrusion,

vat polymerization
Print fidelity

Norbornene (T)121 • Inkjet
Tyramine (P)122 Resolution: >10 μm
Thiol (T)123

Acrylamide (F)124 Scale: μm-to-mm-sized constructs
Glycidyl methacrylate (F)125

Collagen Methacrylate (F), (T)80,126 Extrusion,
vat polymerization

• Extrusion
Resolution: >100 μm
Scale: μm-to-cm-sized constructs
• Vat polymerization
Resolution: >6–10 μm
Scale: nm-to-cm-sized constructsPEG Acrylate (F)127 Inkjet, extrusion,

vat polymerizationMethacrylate (F)128

Thiol (T)129

Norbornene (T)130

Alkyne (T)131

Poly(ethylene oxide) Methacrylate (F)132 Vat polymerization
Poly(glycidol) Allyl glycidyl ether (T)133 Inkjet, extrusion

Thiol (T)134

PVA Methacrylate (F)135 Vat polymerization
Decellularized ECM Innate proteins (P)136 Vat polymerization
Silk fibroin Glycidyl methacrylate (F)137,138 Inkjet, extrusion
Dextran Hydroxyethyl methacrylate (F)139 Extrusion
PEG-co-depsipeptide Methacrylate (F)140 Vat polymerization
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tissue–tissue interface OoC models. Ma et al. demonstrated
a milestone by using DLP-based bioprinting for constructing
triculture models containing physiologically and structurally
relevant cell integrations. They successfully produced
biomimetic lobule structures embedded with hepatic
progenitor cells, HUVECs, and adipose-relevant cells (Fig. 4d
).149 To further enhance tissue functionality, Miller et al.
used DLP-based bioprinting to fabricate alignment cues
within cardiac tissues, which promoted tissue maturation
and improved mRNA expression levels (Fig. 4e).150 A critical
challenge in vat polymerization bioprinting is the
simultaneous printing of different materials. To
address this, a microfluidics-enabled multimaterial
stereolithographic bioprinting method has been used for
fabricating high-fidelity inhomogeneous models (Fig. 4f).112

These advancements in 3D bioprinting are paving the way
for more sophisticated tissue–tissue interface engineering in
OoCs.

3.2.2 Tubular models. Tubular tissue models are crucial
for replicating the natural structures of tissues that involve
biofluid flows and for mimicking tissue transportation
barriers in OoCs.151–156 Traditional methods for fabricating
these tubular structures typically rely on soft lithography
and endothelial cell pre-seeding in hydrogels to induce
vasculogenesis and create perfusable vascular networks.

However, these methods can be complex and challenging
to control.157 To address these challenges, 3D bioprinting
methods have been used for fabricating biomimetic
tubular structures in OoCs, allowing for cell culture in a
physiologically relevant ECM under controlled
hemodynamic flow. Coaxial bioprinting techniques have
shown excellent ability in creating tubular living constructs
(Fig. 5a).158 Besides, template and sacrifice-based extrusion
bioprinting can build multilayered hollow vessels on a
chip (Fig. 5b).159 Moreover, Kolesky et al. introduced an
approach to print vascularized cell constructs with a
thickness over 10 mm, which can be added with growth
factors achieving the differentiation of mesenchymal stem
cells towards an osteogenic lineage in situ (Fig. 5c).160

Additionally, a projection stereolithography-based
bioprinting approach can create hydrogels with functional
intravascular topologies, enabling the fabrication of
complex 3D transport regimes, such as vascularized
alveolar models with tidal ventilation and oxygenation
(Fig. 5d).127 This approach shows great potential for
creating structurally complex and functional tissues for
therapeutic transplantation.

To engineer OoCs with more fidelity and functionality,
cell sources used in 3D bioprinting have been developed
for achieving high cell density (HCD) and diverse cellular

Fig. 4 3D bioprinted OoCs for reconstructing tissue–tissue interfaces. (a) Schematic illustration of the process for bioprinting glioblastoma-on-a-
chip. Bioink I contains a brain decellularized ECM (BdECM) and endothelial cells; bioink II contains a BdECM and glioblastoma cells. Adapted with
permission.144 Copyright 2019, Springer Nature. (b) Extrusion-based bioprinting of functional microgel-based living materials. Adapted with
permission.145 Copyright 2023, the author(s). (c) Extrusion-based bioprinting of patterned organoids and tissues from the simultaneous co-
differentiating stem cells. Adapted with permission.148 Copyright 2022, Springer Nature. (d) DLP-based bioprinting of biomimetic liver lobule
models with hepatic cells, HUVECs, and mesenchymal cells. Adapted with permission.149 Copyright 2016, National Academy of Sciences. (e) DLP-
based bioprinting of aligned cardiac cell tissues with enhanced maturity. Adapted with permission.150 Copyright 2021, Elsevier. (f) Microfluidic-
enabled multimaterial stereolithographic bioprinting of high-fidelity angiogenesis microtissues. Adapted with permission.112 Copyright 2018, Wiley.
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components in OoCs.13 For instance, Skylar-Scott et al.
developed an embedded bioprinting technique to create

perfusable vascular channels within an organoid-based
matrix (Fig. 5e).161 This approach successfully achieved

Fig. 5 3D bioprinted OoCs with tubular structures. (a) Coaxial printing of vascular constructs. Adapted with permission.158 Copyright 2022, AAAS.
(b) Prototyping bioprinting method for scaffold-free tubular vessel reconstruction. Adapted with permission.159 Copyright 2009, Elsevier. (c)
Extrusion-based bioprinting for fabricating 3D vascularized OoCs. Adapted with permission.160 Copyright 2016, National Academy of Sciences. (d)
Projection stereolithography-based bioprinting for reconstructing vascularized alveolar model topologies with tidal ventilation and oxygenation in
hydrogels. Adapted with permission.127 Copyright 2019, AAAS. (e) Embedded extrusion-based bioprinting of vascularized tissues in an organoid-
based matrix. Adapted with permission.161 Copyright 2019, AAAS. (f) A 3D triaxial bioprinting technique for the development of an on-chip brain
metastasis model. Adapted with permission.108 Copyright 2023, Springer Nature. (g) DLP-based bioprinting for fabricating OoCs with ultrahigh cell
densities via reducing light scattering in bioinks. Adapted with permission.162 Copyright 2023, AAAS.
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sacrificial writing of removable hydrogels, leading to the
fabrication of organ-specific tissues with biomimetic
tubular structures and HCD. To replicate complex
geometries of tissue vessels and assess their role in tissue
metastasis, a bioprinting approach was introduced,
generating mature three-layered cerebrovascular conduits

(Fig. 5f).108 This method used the brain tissue-derived
bioink with various cell types to study circulating tumor
cell dissemination under specific vessel curvatures. Despite
these advances, achieving tissue-level cell density in OoCs
remains challenging. An improved DLP-based bioprinting
technique has recently addressed this by mitigating

Fig. 6 3D bioprinted OoCs with 3D organ-level structures. (a) Schematic illustration of an anisotropic organ building block (OBB) orientation in
bioink for forming multiscale aligned tissues on a chip. Adapted with permission.166 Copyright 2022, Wiley. (b) Tumor ECM–mimetic matrix for
supporting bioprinted constructs that can replicate 3D tumor structures. Adapted with permission.167 Copyright 2023, Wiley. (c) 3D bioprinted
brain tumor-on-a-chip with a dynamic tumor microenvironment with arranged multiple cell types. Adapted with permission.168 Copyright 2020,
Springer Nature. (d) On-chip bioprinting of hydrogel constrains for regulating organoid development. Adapted with permission.169 Copyright 2023,
Springer Nature. (e) Embedded 3D bioprinting of OoCs that replicate both the external geometry and internal vascular networks of organs.
Adapted with permission.170 Copyright 2023, Wiley. (f) Extrusion-based bioprinting of stem cell-laden bioinks for reproducing the intricate
macroscale tissues with spontaneous self-organized microscale features. Adapted with permission.171 Copyright 2021, Springer Nature.
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scattering-induced deterioration of bioprinting resolution,
enabling bioprinting with high cell density and fine
resolution, as shown in Fig. 5g.162 Overall, these
advancements in 3D bioprinting are crucial steps toward
fabricating functional, large-scale, clinically transplantable
tissues or organs.

3.2.3 3D organ-level structures. 3D bioprinting offers
significant design freedom for developing OoCs by enabling
the generation of intricate, biomimetic architectures that
reconstruct native tissues.163 One key application of this
technology is the precise printing of specific ECM structures
that can program cellular growth, regulate behavior, and
control functions in vitro.164,165 For instance, Ahrens et al.
demonstrated that bioprinted synthetic and biological fibers
can induce shear-aligned tissue building blocks, enhancing
the contractile function of cardiac tissues compared to
traditional spheroid-based approaches (Fig. 6a).166 In
another study aimed at mimicking the tumor
microenvironment, embedded bioprinting techniques were
used to create a tumor ECM-like matrix, supporting the
formation of murine melanoma models with physiologically
relevant cell densities (Fig. 6b).167 This model effectively
enabled the migration of antigen-specific cytotoxic T cells
through the matrix, initiating cancer cell destruction.
Furthermore, DLP-based bioprinting has been used to
construct complex, multicellular brain tumor models that
incorporate glioblastoma cells, macrophages, astrocytes, and
neural cells (Fig. 6c).168 These biomimetic models facilitate
the study of cellular interactions within the tumor
microenvironment, offering a valuable platform for
discovering novel therapeutic targets.

To achieve higher levels of biomimicry in 3D bioprinted
OoCs, the incorporation of complex cell communication,
morphogenesis, and behaviors is required. Mechanical
constraints within extracellular matrix (ECM) hydrogels can
significantly influence cell development and migration. For
example, Urciuolo et al. utilized two-photon (2P) mediated
bioprinting to generate hydrogels with specific physical
structures around organoids, promoting cell polarity in liver
organoids and guiding morphogenesis in small intestinal
organoids (Fig. 6d).169 This hydrogel-in-hydrogel live
bioprinting approach enhances current in vitro OoC models
and paves the way for more sophisticated tissue models.
Additionally, embedded bioprinting have created intricate
organs with biomimetic external geometries and integrated
vascular networks (Fig. 6e).170 The authors used microgel-
based biphasic (MB) bioink to support bioprinted matrices.
The MB bioink was used to print the tissue external
structures, and then the secondary bioprinting was
introduced for building vascular networks in the MB
matrix. Moreover, stem cells and organoids as self-
organizing building blocks were used to form
interconnected cellular constructs through extrusion-based
bioprinting (Fig. 6f).171 These studies highlight the
potential of 3D bioprinted OoCs in advancing cell biology
and regenerative medicine.

4. Challenges and perspectives

Combining 3D bioprinting with OoCs holds promise to
replicate the three-dimensional tissue structures and
functional environments of natural organs more accurately.
However, compared to soft lithography, 3D bioprinting faces
challenges in integrating these constructs into perfusable
microfluidic devices. Soft lithography excels in creating
embedded microchannels essential for perfusion, nutrient
delivery, and waste removal, which are critical for long-term
cell viability and function. In contrast, many bioprinted
constructs are standalone and require additional steps to
incorporate into microfluidic systems, which can be
technically demanding and may introduce structural
inconsistencies. To overcome these limitations,
advancements in direct bioprinting within microfluidic chips
are needed. Besides, significant challenges remain in
achieving true organ regeneration and clinical translation.
This section discusses the hurdles and future directions for
3D bioprinted OoCs, from technical implementation to their
broader capabilities.

4.1 Technical implementation

The integration of 3D bioprinting with OoC systems involves
overcoming significant technical challenges, demanding a
multidisciplinary approach that encompasses physics,
chemistry, engineering, and biology. A clear understanding of
the biological questions at hand is vital for determining the
appropriate bioprinting strategy. The suitable biomaterials
and bioprinting methods are also crucial for OoC fabrication,
as these factors directly influence the functionality and
reliability of the models. Additionally, the detailed design is
required for the configuration of the device and the accurate
deposition of cells within the OoC framework, ensuring that
the resulting system mimics the physiological environment
as closely as possible. The development of standardized and
commercialized 3D bioprinted OoCs is anticipated to address
these challenges, facilitating broader applications in both
research laboratories and clinical settings. This progress
could ultimately lead to more sophisticated, reliable, and
accessible OoC platforms, advancing both basic research and
therapeutic applications.

4.2 Complex structure and functionality of tissue models

The next significant challenge in the field of 3D printed OoC
is to demonstrate clear superiority over traditional animal
models, a shift that could revolutionize clinical trial design
by reducing reliance on animal testing and enabling more
personalized approaches to medicine.172 To make a
breakthrough in translation applications, OoCs should
incorporate complex structures and mature functionalities
that closely mimic natural tissues. Recent advancements
include the integration of patient-derived cells into bioinks,
which more accurately represent native human physiology
and enhance the potential for personalized medicine.173,174
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Additionally, the biomimetic arrangement of various cell
types is crucial for replicating the spatial constraints and
tissue morphologies found in vivo. Internal structures, such
as vascular networks, are equally important for sustaining
tissue function.175 The future trajectory of this field involves
the creation of personalized tissues or organs on
miniaturized chips, offering significant promise for
regenerative studies and clinical translation.

4.3 Multi-organ cultures

In multi-organ systems like those in humans, organs interact
simultaneously and in complex ways with other organ
systems. Replicating these interactions in OoC models,
particularly during stages like disease development where
target, vascular, and nerve tissues interplay, could lead to
more accurate simulations of systemic interactions.176–178

However, significant challenges arise when attempting to
construct barriers between different organs and in
maintaining the functionality of multiple organs within a
single OoC system.179–182 Addressing these challenges is
critical for advancing multi-organ chip technologies, which
could offer more physiologically relevant models for studying
human health and disease.183 As research progresses,
overcoming these hurdles will be essential for creating
integrated, functional multi-organ chips that can faithfully
replicate the dynamic environment of the human body,
thereby enhancing the utility of OoCs in both research and
clinical applications.

5. Conclusion

Given that OoCs still can't meet the requirements in
replicating complex functional and organizational tissue
features for translational applications, bioprinting techniques
offer new strategies and powerful tools for advancing OoC
development and biomedical applications. This review aims
to inspire researchers from various disciplines to address
challenges of 3D bioprinting used in OoCs. With continued
effort, 3D bioprinted OoCs may eventually achieve true organ
regeneration and become widely used in personalized
medicine, disease treatment, regenerative medicine, and
clinical applications.

Data availability

This review article did not generate any new data. All data
discussed within the manuscript are derived from previously
published studies, which are well-cited throughout the text.
The referenced datasets and sources can be accessed via the
original publications listed in the reference section. No new
datasets were created or analyzed in this study.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This work was supported by the National Key Research and
Development Program of China (2022YFA1105300), the
National Natural Science Foundation of China (T2225003 and
32401201), the Nanjing Medical Science and Technique
Development Foundation (ZKX21019), the Clinical Trials from
Nanjing Drum Tower Hospital (2022-LCYJ-ZD-01), the
Guangdong Basic and Applied Basic Research Foundation
(2021B1515120054), the Shenzhen Science and Technology
Program (JCYJ20210324133214038), and the Joint Fund of
Henan Province Science and Technology R&D Program
(Project No. 225200810021).

References

1 D. M. Nahon, R. Moerkens, H. Aydogmus, B. Lendemeijer,
A. Martinez-Silgado, J. M. Stein, M. Dostanic, J. P. Frimat,
C. Gontan, M. N. S. de Graaf, M. Hu, D. G. Kasi, L. S. Koch,
K. T. T. Le, S. Lim, H. H. T. Middelkamp, J. Mooiweer, P.
Motreuil-Ragot, E. Niggl, C. Pleguezuelos-Manzano, J.
Puschhof, N. Revyn, J. M. Rivera-Arbelaez, J. Slager, L. M.
Windt, M. Zakharova, B. J. van Meer, V. V. Orlova, F. M. S.
de Vrij, S. Withoff, M. Mastrangeli, A. D. van der Meer and
C. L. Mummery, Nat. Biomed. Eng., 2024, 8, 941–962.

2 A. Loewa, J. J. Feng and S. Hedtrich, Nat. Rev. Bioeng.,
2023, 1, 545–559.

3 A. Atala, F. K. Kasper and A. G. Mikos, Sci. Transl. Med.,
2012, 4, 160rv112.

4 K. Wang, K. Man, J. Liu, Y. Liu, Q. Chen, Y. Zhou and Y.
Yang, ACS Biomater. Sci. Eng., 2020, 6, 3231–3257.

5 Y. C. Shin, N. Than, S. Min, W. Shin and H. J. Kim, Nat.
Rev. Bioeng., 2024, 2, 175–191.

6 D. B. Chou, V. Frismantas, Y. Milton, R. David, P. Pop-
Damkov, D. Ferguson, A. MacDonald, Ö. Vargel Bölükbaşı,
C. E. Joyce, L. S. Moreira Teixeira, A. Rech, A. Jiang, E.
Calamari, S. Jalili-Firoozinezhad, B. A. Furlong, L. R.
O'Sullivan, C. F. Ng, Y. Choe, S. Marquez, K. C. Myers, O. K.
Weinberg, R. P. Hasserjian, R. Novak, O. Levy, R. Prantil-
Baun, C. D. Novina, A. Shimamura, L. Ewart and D. E.
Ingber, Nat. Biomed. Eng., 2020, 4, 394–406.

7 J. Park, I. Wetzel, D. Dréau and H. Cho, Adv. Healthcare
Mater., 2018, 7, 1700551.

8 M. A. Lancaster and J. A. Knoblich, Science, 2014, 345,
1247125.

9 Y. S. Michaels, C. F. Buchanan, N. Gjorevski and A. Moisan,
Nat. Rev. Bioeng., 2023, 1, 731–748.

10 J. H. Sung, M. B. Esch, J.-M. Prot, C. J. Long, A. Smith, J. J.
Hickman and M. L. Shuler, Lab Chip, 2013, 13, 1201–1212.

11 L. Moroni, J. A. Burdick, C. Highley, S. J. Lee, Y. Morimoto,
S. Takeuchi and J. J. Yoo, Nat. Rev. Mater., 2018, 3, 21–37.

12 J. P. Wikswo, E. L. Curtis, Z. E. Eagleton, B. C. Evans, A.
Kole, L. H. Hofmeister and W. J. Matloff, Lab Chip,
2013, 13, 3496–3511.

13 K. J. Wolf, J. D. Weiss, S. G. M. Uzel, M. A. Skylar-Scott and
J. A. Lewis, Cell Stem Cell, 2022, 29, 667–677.

Lab on a Chip Critical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1039/d4lc00769g


1092 | Lab Chip, 2025, 25, 1081–1096 This journal is © The Royal Society of Chemistry 2025

14 Z. Wu, M. Pan, J. Wang, B. Wen, L. Lu and H. Ren, Eng.
Regener., 2022, 3, 397–406.

15 D. E. Ingber, Nat. Rev. Genet., 2022, 23, 467–491.
16 L. A. Low, C. Mummery, B. R. Berridge, C. P. Austin and

D. A. Tagle, Nat. Rev. Drug Discovery, 2021, 20, 345–361.
17 B. Zhang, A. Korolj, B. F. L. Lai and M. Radisic, Nat. Rev.

Mater., 2018, 3, 257–278.
18 R. Alonso-Roman, A. S. Mosig, M. T. Figge, K. Papenfort, C.

Eggeling, F. H. Schacher, B. Hube and M. S. Gresnigt, Nat.
Microbiol., 2024, 9, 891–904.

19 L. Sun, H. Chen, D. Xu, R. Liu and Y. Zhao, Smart Med.,
2024, 3, e20240009.

20 C. M. Leung, P. de Haan, K. Ronaldson-Bouchard, G.-A.
Kim, J. Ko, H. S. Rho, Z. Chen, P. Habibovic, N. L. Jeon,
S. Takayama, M. L. Shuler, G. Vunjak-Novakovic, O. Frey,
E. Verpoorte and Y.-C. Toh, Nat. Rev. Methods Primers,
2022, 2, 33.

21 H. Cai, Z. Ao, C. Tian, Z. Wu, H. Liu, J. Tchieu, M. Gu,
K. Mackie and F. Guo, Nat. Electron., 2023, 6,
1032–1039.

22 H. Chen, L. Sun, Y. Wang, L. Cai, Y. Zhao and L. Shang,
Nat. Chem. Eng., 2024, 1, 650–660.

23 J. A. Burdick and W. L. Murphy, Nat. Commun., 2012, 3,
1269.

24 S. Gobaa, S. Hoehnel, M. Roccio, A. Negro, S. Kobel and
M. P. Lutolf, Nat. Methods, 2011, 8, 949–955.

25 Z. Wu, D. Huang, J. Wang, Y. Zhao, W. Sun and X. Shen,
Adv. Sci., 2024, 11, 2304160.

26 C. Ma, Y. Peng, H. Li and W. Chen, Trends Pharmacol. Sci.,
2021, 42, 119–133.

27 S. N. Bhatia and D. E. Ingber, Nat. Biotechnol., 2014, 32,
760–772.

28 C. J. Demers, P. Soundararajan, P. Chennampally, G. A.
Cox, J. Briscoe, S. D. Collins and R. L. Smith, Development,
2016, 143, 1884–1892.

29 V. S. Shirure, Y. Bi, M. B. Curtis, A. Lezia, M. M.
Goedegebuure, S. P. Goedegebuure, R. Aft, R. C. Fields and
S. C. George, Lab Chip, 2018, 18, 3687–3702.

30 K. K. Lee, H. A. McCauley, T. R. Broda, M. J. Kofron, J. M.
Wells and C. I. Hong, Lab Chip, 2018, 18, 3079–3085.

31 K. A. Homan, N. Gupta, K. T. Kroll, D. B. Kolesky, M.
Skylar-Scott, T. Miyoshi, D. Mau, M. T. Valerius, T. Ferrante,
J. V. Bonventre, J. A. Lewis and R. Morizane, Nat. Methods,
2019, 16, 255–262.

32 F. Fu, L. Shang, Z. Chen, Y. Yu and Y. Zhao, Sci. Robot.,
2018, 3, eaar8580.

33 Z. Ao, H. Cai, Z. Wu, L. Hu, A. Nunez, Z. Zhou, H. Liu, M.
Bondesson, X. Lu, X. Lu, M. Dao and F. Guo, Proc. Natl.
Acad. Sci. U. S. A., 2022, 119, e2214569119.

34 Y. Zhao, S. Landau, S. Okhovatian, C. Liu, R. X. Z. Lu,
B. F. L. Lai, Q. Wu, J. Kieda, K. Cheung, S. Rajasekar, K.
Jozani, B. Zhang and M. Radisic, Nat. Rev. Bioeng., 2024, 2,
588–608.

35 M. Eiraku, N. Takata, H. Ishibashi, M. Kawada, E.
Sakakura, S. Okuda, K. Sekiguchi, T. Adachi and Y. Sasai,
Nature, 2011, 472, 51–56.

36 G. Vunjak-Novakovic, K. Ronaldson-Bouchard and M.
Radisic, Cell, 2021, 184, 4597–4611.

37 C. G. Alver, S. Álvarez-Cubela, I. Altilio, E. Hutchison, E.
Warrner, M. E. Viso, G. Vitale, D. Oliver, R. L. Pastori, J.
Dominguez-Bendala and A. Agarwal, Lab Chip, 2024, 24,
1557–1572.

38 Z. Wu, B. Chen, Y. Wu, Y. Xia, H. Chen, Z. Gong, H. Hu, Z.
Ding and S. Guo, Lab Chip, 2021, 21, 3498–3508.

39 Y. Zhu, L. Sun, Y. Wang, L. Cai, Z. Zhang, Y. Shang and Y.
Zhao, Adv. Mater., 2022, 34, 2108972.

40 Y. Zhu, X. Zhang, L. Sun, Y. Wang and Y. Zhao, Adv. Mater.,
2023, 35, 2210083.

41 C. G. Alver, E. Drabbe, M. Ishahak and A. Agarwal, Nat.
Commun., 2024, 15, 5118.

42 D. E. Ingber, Adv. Sci., 2020, 7, 2002030.
43 C. Probst, S. Schneider and P. Loskill, Curr. Opin. Biomed.

Eng., 2018, 6, 33–41.
44 C. Yang, Y. Yu, L. Shang and Y. Zhao, Nat. Chem. Eng.,

2024, 1, 87–96.
45 A. C. Fonseca, F. P. W. Melchels, M. J. S. Ferreira,

S. R. Moxon, G. Potjewyd, T. R. Dargaville, S. J.
Kimber and M. Domingos, Chem. Rev., 2020, 120,
11093–11139.

46 L. E. Bertassoni, Adv. Mater., 2022, 34, 2101321.
47 S. V. Murphy and A. Atala, Nat. Biotechnol., 2014, 32,

773–785.
48 Z. Wu, Z. Ao, H. Cai, X. Li, B. Chen, H. Tu, Y. Wang, R. O.

Lu, M. Gu, L. Cheng, X. Lu and F. Guo, J. Nanobiotechnol.,
2023, 21, 40.

49 F. Guo, Z. Mao, Y. Chen, Z. Xie, J. P. Lata, P. Li, L. Ren, J.
Liu, J. Yang, M. Dao, S. Suresh and T. J. Huang, Proc. Natl.
Acad. Sci. U. S. A., 2016, 113, 1522.

50 S. Rahmani Dabbagh, M. Rezapour Sarabi, M. T. Birtek, N.
Mustafaoglu, Y. S. Zhang and S. Tasoglu, Aggregate, 2023, 4,
e197.

51 M. L. Bedell, A. M. Navara, Y. Du, S. Zhang and A. G.
Mikos, Chem. Rev., 2020, 120, 10744–10792.

52 J. U. Lind, T. A. Busbee, A. D. Valentine, F. S. Pasqualini, H.
Yuan, M. Yadid, S.-J. Park, A. Kotikian, A. P. Nesmith, P. H.
Campbell, J. J. Vlassak, J. A. Lewis and K. K. Parker, Nat.
Mater., 2017, 16, 303–308.

53 F. Yu and D. Choudhury, Drug Discovery Today, 2019, 24,
1248–1257.

54 A. C. Daly, M. E. Prendergast, A. J. Hughes and J. A.
Burdick, Cell, 2021, 184, 18–32.

55 A. M. Jorgensen, J. J. Yoo and A. Atala, Chem. Rev.,
2020, 120, 11093–11127.

56 L. Sun, Y. Wang, F. Bian, D. Xu and Y. Zhao, Sci. Bull.,
2023, 68, 938–945.

57 C. Y. Chan, P. H. Huang, F. Guo, X. Ding, V. Kapur, J. D.
Mai, P. K. Yuen and T. J. Huang, Lab Chip, 2013, 13,
4697–4710.

58 J. Ko, D. Park, J. Lee, S. Jung, K. Baek, K. E. Sung, J. Lee
and N. L. Jeon, Nat. Rev. Bioeng., 2024, 2, 453–469.

59 E. W. Esch, A. Bahinski and D. Huh, Nat. Rev. Drug
Discovery, 2015, 14, 248–260.

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1039/d4lc00769g


Lab Chip, 2025, 25, 1081–1096 | 1093This journal is © The Royal Society of Chemistry 2025

60 Y. Wu, Z. Ao, C. Bin, M. Muhsen, M. Bondesson, X. Lu and
F. Guo, Nanotechnology, 2018, 29, 504006.

61 L. Sun, Y. Wang, D. Xu and Y. Zhao, Smart Med., 2023, 2,
e20220040.

62 W. L. K. Chen, C. Edington, E. Suter, J. Yu, J. J. Velazquez,
J. G. Velazquez, M. Shockley, E. M. Large, R.
Venkataramanan, D. J. Hughes, C. L. Stokes, D. L. Trumper,
R. L. Carrier, M. Cirit, L. G. Griffith and D. A.
Lauffenburger, Biotechnol. Bioeng., 2017, 114, 2648–2659.

63 Q. Dasgupta, A. Jiang, A. M. Wen, R. J. Mannix, Y. Man, S.
Hall, E. Javorsky and D. E. Ingber, Nat. Commun., 2023, 14,
6506.

64 H. Bai, L. Si, A. Jiang, C. Belgur, Y. Zhai, R. Plebani, C. Y.
Oh, M. Rodas, A. Patil, A. Nurani, S. E. Gilpin, R. K. Powers,
G. Goyal, R. Prantil-Baun and D. E. Ingber, Nat. Commun.,
2022, 13, 1928.

65 L. Shang, Y. Yu, W. Gao, Y. Wang, L. Qu, Z. Zhao, R. Chai
and Y. Zhao, Adv. Funct. Mater., 2018, 28, 1705802.

66 D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala,
H. Y. Hsin and D. E. Ingber, Science, 2010, 328, 1662–1668.

67 J. S. Jeon, S. Bersini, M. Gilardi, G. Dubini, J. L. Charest, M.
Moretti and R. D. Kamm, Proc. Natl. Acad. Sci. U. S. A.,
2015, 112, 214–219.

68 D.-H. T. Nguyen, S. C. Stapleton, M. T. Yang, S. S. Cha, C. K.
Choi, P. A. Galie and C. S. Chen, Proc. Natl. Acad. Sci. U. S.
A., 2013, 110, 6712–6717.

69 D. T. T. Phan, X. Wang, B. M. Craver, A. Sobrino, D. Zhao,
J. C. Chen, L. Y. N. Lee, S. C. George, A. P. Lee and C. C. W.
Hughes, Lab Chip, 2017, 17, 511–520.

70 R. F. Tomasi, S. Sart, T. Champetier and C. N. Baroud, Cell
Rep., 2020, 31, 107670.

71 K. Ronaldson-Bouchard, D. Teles, K. Yeager, D. N. Tavakol,
Y. Zhao, A. Chramiec, S. Tagore, M. Summers, S. Stylianos,
M. Tamargo, B. M. Lee, S. P. Halligan, E. H. Abaci, Z. Guo,
J. Jacków, A. Pappalardo, J. Shih, R. K. Soni, S. Sonar, C.
German, A. M. Christiano, A. Califano, K. K. Hirschi, C. S.
Chen, A. Przekwas and G. Vunjak-Novakovic, Nat. Biomed.
Eng., 2022, 6, 351–371.

72 Y. Zhu, B. Kong, R. Liu and Y. Zhao, Smart Med., 2022, 1,
e20220006.

73 A. Shapira and T. Dvir, Adv. Sci., 2021, 8, 2003751.
74 C. Mota, S. Camarero-Espinosa, M. B. Baker, P. Wieringa

and L. Moroni, Chem. Rev., 2020, 120, 10547–10607.
75 X. Li, B. Liu, B. Pei, J. Chen, D. Zhou, J. Peng, X. Zhang, W.

Jia and T. Xu, Chem. Rev., 2020, 120, 10793–10833.
76 P. Zhang and A. R. Abate, Adv. Mater., 2020, 32, 2005346.
77 Y. S. Zhang, G. Haghiashtiani, T. Hübscher, D. J. Kelly, J. M.

Lee, M. Lutolf, M. C. McAlpine, W. Y. Yeong, M. Zenobi-
Wong and J. Malda, Nat. Rev. Methods Primers, 2021, 1, 75.

78 G. Luo, Y. Yu, Y. Yuan, X. Chen, Z. Liu and T. Kong, Adv.
Mater., 2019, 31, 1904631.

79 S. Zhang, C. Qi, W. Zhang, H. Zhou, N. Wu, M. Yang, S.
Meng, Z. Liu and T. Kong, Adv. Mater., 2023, 35, 2209263.

80 A. Lee, A. R. Hudson, D. J. Shiwarski, J. W. Tashman, T. J.
Hinton, S. Yerneni, J. M. Bliley, P. G. Campbell and A. W.
Feinberg, Science, 2019, 365, 482–487.

81 Q. Ge, Z. Li, Z. Wang, K. Kowsari, W. Zhang, X. He, J. Zhou
and N. X. Fang, Int. J. Extreme Manuf., 2020, 2, 022004.

82 W. Li, M. Wang, H. Ma, F. A. Chapa-Villarreal, A. O. Lobo
and Y. S. Zhang, iScience, 2023, 26, 106039.

83 C.-F. He, T.-H. Qiao, G.-H. Wang, Y. Sun and Y. He, Nat.
Rev. Bioeng., 2024, DOI: 10.1038/s44222-024-00218-w.

84 K. S. Lim, J. H. Galarraga, X. Cui, G. C. J. Lindberg, J. A.
Burdick and T. B. F. Woodfield, Chem. Rev., 2020, 120,
10662–10694.

85 J. L. Sanchez Noriega, N. A. Chartrand, J. C. Valdoz, C. G.
Cribbs, D. A. Jacobs, D. Poulson, M. S. Viglione, A. T.
Woolley, P. M. Van Ry, K. A. Christensen and G. P. Nordin,
Nat. Commun., 2021, 12, 5509.

86 H. Gong, A. T. Woolley and G. P. Nordin, Lab Chip,
2016, 16, 2450–2458.

87 H. Gong, B. P. Bickham, A. T. Woolley and G. P. Nordin,
Lab Chip, 2017, 17, 2899–2909.

88 M. P. Lutolf and J. A. Hubbell, Nat. Biotechnol., 2005, 23,
47–55.

89 T. Jungst, W. Smolan, K. Schacht, T. Scheibel and J. Groll,
Chem. Rev., 2016, 116, 1496–1539.

90 R. Landers, U. Hübner, R. Schmelzeisen and R. Mülhaupt,
Biomaterials, 2002, 23, 4437–4447.

91 R. W. Barrs, J. Jia, S. E. Silver, M. Yost and Y. Mei, Chem.
Rev., 2020, 120, 10887–10949.

92 H. Chen, Z. Wu, Z. Gong, Y. Xia, J. Li, L. Du, Y. Zhang, X.
Gao, Z. Fan, H. Hu, Q. Qian, Z. Ding and S. Guo, Adv.
Healthcare Mater., 2022, 2102784.

93 K. Chen, E. Jiang, X. Wei, Y. Xia, Z. Wu, Z. Gong, Z. Shang
and S. Guo, Lab Chip, 2021, 21, 1604–1612.

94 Z. Gong, L. Huang, X. Tang, K. Chen, Z. Wu, L. Zhang, Y.
Sun, Y. Xia, H. Chen, Y. Wei, F. Wang and S. Guo, Adv.
Healthcare Mater., 2021, 10, 2101312.

95 Y. Wang, J. Guo, X. Cao and Y. Zhao, Smart Med., 2024, 3,
e20230023.

96 A. M. Rosales and K. S. Anseth, Nat. Rev. Mater., 2016, 1,
15012.

97 T. H. Qazi, M. R. Blatchley, M. D. Davidson, F. M. Yavitt,
M. E. Cooke, K. S. Anseth and J. A. Burdick, Cell Stem Cell,
2022, 29, 678–691.

98 M. Su and Y. Song, Chem. Rev., 2022, 122, 5144–5164.
99 Q. Ge, Z. Chen, J. Cheng, B. Zhang, Y.-F. Zhang, H. Li, X.

He, C. Yuan, J. Liu, S. Magdassi and S. Qu, Sci. Adv.,
2021, 7, eaba4261.

100 X. Lin, L. Cai, X. Cao and Y. Zhao, Smart Med., 2023, 2,
e20220019.

101 A. Atala, Chem. Rev., 2020, 120, 10545–10546.
102 M. Lee, R. Rizzo, F. Surman and M. Zenobi-Wong, Chem.

Rev., 2020, 120, 10950–11027.
103 A. Schwab, R. Levato, M. D'Este, S. Piluso, D. Eglin and J.

Malda, Chem. Rev., 2020, 120, 11028–11055.
104 C. Yu, J. Schimelman, P. Wang, K. L. Miller, X. Ma, S. You,

J. Guan, B. Sun, W. Zhu and S. Chen, Chem. Rev., 2020, 120,
10695–10743.

105 B. S. Kim, S. Das, J. Jang and D.-W. Cho, Chem. Rev.,
2020, 120, 10608–10661.

Lab on a Chip Critical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1038/s44222-024-00218-w
https://doi.org/10.1039/d4lc00769g


1094 | Lab Chip, 2025, 25, 1081–1096 This journal is © The Royal Society of Chemistry 2025

106 S. C. Lee, G. Gillispie, P. Prim and S. J. Lee, Chem. Rev.,
2020, 120, 10834–10886.

107 J. Shan, J. Che, C. Song and Y. Zhao, Smart Med., 2023, 2,
e20220025.

108 W. Park, J.-S. Lee, G. Gao, B. S. Kim and D.-W. Cho, Nat.
Commun., 2023, 14, 7696.

109 L. Shang, F. Fu, Y. Cheng, Y. Yu, J. Wang, Z. Gu and Y.
Zhao, Small, 2017, 13, 1600286.

110 C. An, W. Liu, Y. Zhang, B. Pang, H. Liu, Y. Zhang, H.
Zhang, L. Zhang, H. Liao, C. Ren and H. Wang, Acta
Biomater., 2020, 111, 181–196.

111 J. Wang, D. Huang, H. Ren and L. Shang, Small, 2022, 18,
2200858.

112 A. K. Miri, D. Nieto, L. Iglesias, H. Goodarzi
Hosseinabadi, S. Maharjan, G. U. Ruiz-Esparza, P.
Khoshakhlagh, A. Manbachi, M. R. Dokmeci, S. Chen,
S. R. Shin, Y. S. Zhang and A. Khademhosseini, Adv.
Mater., 2018, 30, e1800242.

113 J. He, Y. Sun, Q. Gao, C. He, K. Yao, T. Wang, M. Xie, K. Yu,
J. Nie, Y. Chen and Y. He, Adv. Healthcare Mater., 2023, 12,
2300395.

114 X. Zhao, S. Liu, L. Yildirimer, H. Zhao, R. Ding, H. Wang,
W. Cui and D. Weitz, Adv. Funct. Mater., 2016, 26,
2809–2819.

115 A. Cianciosi, S. Stecher, M. Löffler, P. Bauer-Kreisel, K. S.
Lim, T. B. F. Woodfield, J. Groll, T. Blunk and T. Jungst,
Adv. Healthcare Mater., 2023, 12, 2300977.

116 A. Dobos, J. Van Hoorick, W. Steiger, P. Gruber, M.
Markovic, O. G. Andriotis, A. Rohatschek, P. Dubruel, P. J.
Thurner, S. Van Vlierberghe, S. Baudis and A. Ovsianikov,
Adv. Healthcare Mater., 2020, 9, 1900752.

117 S. Bertlein, G. Brown, K. S. Lim, T. Jungst, T. Boeck, T.
Blunk, J. Tessmar, G. J. Hooper, T. B. F. Woodfield and J.
Groll, Adv. Mater., 2017, 29, 1703404.

118 A. Skardal, J. Zhang and G. D. Prestwich, Biomaterials,
2010, 31, 6173–6181.

119 L. Yang, W. Yang, W. Xu, Y. Zhao and L. Shang, Chem. Eng.
J., 2023, 476, 146797.

120 L. Wang, L. Fan, A. M. Filppula, Y. Wang, L. Shang and H.
Zhang, Aggregate, 2024, 5, e600.

121 L. Ouyang, C. B. Highley, W. Sun and J. A. Burdick, Adv.
Mater., 2017, 29, 1604983.

122 D. Petta, A. R. Armiento, D. Grijpma, M. Alini, D. Eglin and
M. D'Este, Biofabrication, 2018, 10, 044104.

123 A. Mazzocchi, M. Devarasetty, R. Huntwork, S. Soker and A.
Skardal, Biofabrication, 2019, 11, 015003.

124 L. Shi, H. Carstensen, K. Hölzl, M. Lunzer, H. Li, J. Hilborn,
A. Ovsianikov and D. A. Ossipov, Chem. Mater., 2017, 29,
5816–5823.

125 B. S. Spearman, N. K. Agrawal, A. Rubiano, C. S. Simmons,
S. Mobini and C. E. Schmidt, J. Biomed. Mater. Res., Part A,
2020, 108, 279–291.

126 M. Nikolaev, O. Mitrofanova, N. Broguiere, S. Geraldo, D.
Dutta, Y. Tabata, B. Elci, N. Brandenberg, I. Kolotuev, N.
Gjorevski, H. Clevers and M. P. Lutolf, Nature, 2020, 585,
574–578.

127 B. Grigoryan, S. J. Paulsen, D. C. Corbett, D. W. Sazer, C. L.
Fortin, A. J. Zaita, P. T. Greenfield, N. J. Calafat, J. P.
Gounley, A. H. Ta, F. Johansson, A. Randles, J. E.
Rosenkrantz, J. D. Louis-Rosenberg, P. A. Galie, K. R.
Stevens and J. S. Miller, Science, 2019, 364, 458–464.

128 Y. Koda, D. Takahashi, Y. Sasaki and K. Akiyoshi, ACS Appl.
Bio Mater., 2019, 2, 1920–1930.

129 L. Liu, Y. Xiang, Z. Wang, X. Yang, X. Yu, Y. Lu, L. Deng
and W. Cui, NPG Asia Mater., 2019, 11, 81.

130 S. Van Belleghem, L. Torres Jr, M. Santoro, B. Mahadik, A.
Wolfand, P. Kofinas and J. P. Fisher, Adv. Funct. Mater.,
2020, 30, 1907145.

131 A. Skardal, M. Devarasetty, H.-W. Kang, I. Mead, C. Bishop,
T. Shupe, S. J. Lee, J. Jackson, J. Yoo, S. Soker and A. Atala,
Acta Biomater., 2015, 25, 24–34.

132 B. Dhariwala, E. Hunt and T. Boland, Tissue Eng., 2004, 10,
1316–1322.

133 S. Stichler, T. Jungst, M. Schamel, I. Zilkowski, M.
Kuhlmann, T. Böck, T. Blunk, J. Teßmar and J. Groll, Ann.
Biomed. Eng., 2017, 45, 273–285.

134 S. Stichler, S. Bertlein, J. Tessmar, T. Jüngst and J. Groll,
Macromol. Symp., 2017, 372, 102–107.

135 K. S. Lim, R. Levato, P. F. Costa, M. D. Castilho, C. R.
Alcala-Orozco, K. M. A. van Dorenmalen, F. P. W. Melchels,
D. Gawlitta, G. J. Hooper, J. Malda and T. B. F. Woodfield,
Biofabrication, 2018, 10, 034101.

136 H. Kim, B. Kang, X. Cui, S.-H. Lee, K. Lee, D.-W. Cho, W.
Hwang, T. B. F. Woodfield, K. S. Lim and J. Jang, Adv. Funct.
Mater., 2021, 31, 2011252.

137 Z. Wu, H. Cai, Z. Ao, J. Xu, S. Heaps and F. Guo, Adv. Mater.
Technol., 2021, 6, 2000683.

138 L. Wang, X. Ding, L. Fan, A. M. Filppula, Q. Li, H. Zhang, Y.
Zhao and L. Shang, Nano-Micro Lett., 2024, 16, 232.

139 L. Pescosolido, W. Schuurman, J. Malda, P. Matricardi, F.
Alhaique, T. Coviello, P. R. van Weeren, W. J. A. Dhert,
W. E. Hennink and T. Vermonden, Biomacromolecules,
2011, 12, 1831–1838.

140 L. Elomaa, C.-C. Pan, Y. Shanjani, A. Malkovskiy, J. V.
Seppälä and Y. Yang, J. Mater. Chem. B, 2015, 3,
8348–8358.

141 S. Cho, S. M. Shaban, R. Song, H. Zhang, D. Yang, M.-J.
Kim, Y. Xiong, X. Li, K. Madsen, S. Wapnick, S. Zhang, Z.
Chen, J. Kim, G. Guinto, M. Li, M. Lee, R. F. Nuxoll, S.
Shajari, J. Wang, S. Son, J. Shin, A. J. Aranyosi, D. E.
Wright, T.-i. Kim, R. Ghaffari, Y. Huang, D.-H. Kim and
J. A. Rogers, Sci. Transl. Med., 2024, 16, eado5366.

142 D. McDuffie, C. G. Alver, B. Suthar, M. Helm, D. Oliver,
R. A. Burgess, D. Barr, E. Thomas and A. Agarwal, Lab Chip,
2023, 23, 3106–3119.

143 M. J. Mondrinos, F. Alisafaei, A. Y. Yi, H. Ahmadzadeh,
I. Lee, C. Blundell, J. Seo, M. Osborn, T.-J. Jeon, S. M.
Kim, V. B. Shenoy and D. Huh, Sci. Adv., 2021, 7,
eabe9446.

144 H.-G. Yi, Y. H. Jeong, Y. Kim, Y.-J. Choi, H. E. Moon, S. H.
Park, K. S. Kang, M. Bae, J. Jang, H. Youn, S. H. Paek and
D.-W. Cho, Nat. Biomed. Eng., 2019, 3, 509–519.

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1039/d4lc00769g


Lab Chip, 2025, 25, 1081–1096 | 1095This journal is © The Royal Society of Chemistry 2025

145 Y. Ou, S. Cao, Y. Zhang, H. Zhu, C. Guo, W. Yan, F. Xin, W.
Dong, Y. Zhang, M. Narita, Z. Yu and T. P. J. Knowles, Nat.
Commun., 2023, 14, 322.

146 J. Kim, B.-K. Koo and J. A. Knoblich, Nat. Rev. Mol. Cell
Biol., 2020, 21, 571–584.

147 M. Hofer and M. P. Lutolf, Nat. Rev. Mater., 2021, 6,
402–420.

148 M. A. Skylar-Scott, J. Y. Huang, A. Lu, A. H. M. Ng, T.
Duenki, S. Liu, L. L. Nam, S. Damaraju, G. M. Church and
J. A. Lewis, Nat. Biomed. Eng., 2022, 6, 449–462.

149 X. Ma, X. Qu, W. Zhu, Y.-S. Li, S. Yuan, H. Zhang, J. Liu, P.
Wang, C. S. E. Lai, F. Zanella, G.-S. Feng, F. Sheikh, S.
Chien and S. Chen, Proc. Natl. Acad. Sci. U. S. A., 2016, 113,
2206–2211.

150 K. L. Miller, Y. Xiang, C. Yu, J. Pustelnik, J. Wu, X. Ma, T.
Matsui, K. Imahashi and S. Chen, Organs-on-a-Chip,
2021, 3, 100007.

151 K. Haase, F. Piatti, M. Marcano, Y. Shin, R. Visone, A.
Redaelli, M. Rasponi and R. D. Kamm, Biomaterials,
2022, 280, 121248.

152 B. Zhang, M. Montgomery, M. D. Chamberlain, S. Ogawa,
A. Korolj, A. Pahnke, L. A. Wells, S. Massé, J. Kim, L. Reis,
A. Momen, S. S. Nunes, A. R. Wheeler, K. Nanthakumar, G.
Keller, M. V. Sefton and M. Radisic, Nat. Mater., 2016, 15,
669–678.

153 S. Rajasekar, D. S. Y. Lin, L. Abdul, A. Liu, A. Sotra, F.
Zhang and B. Zhang, Adv. Mater., 2020, 32, 2002974.

154 L. L. Y. Chiu, M. Montgomery, Y. Liang, H. Liu and M.
Radisic, Proc. Natl. Acad. Sci. U. S. A., 2012, 109,
E3414–E3423.

155 Y. Zheng, J. Chen and J. A. López, Nat. Commun., 2015, 6,
7858.

156 Y. Zheng, J. Chen, M. Craven, N. W. Choi, S. Totorica, A.
Diaz-Santana, P. Kermani, B. Hempstead, C. Fischbach-
Teschl, J. A. López and A. D. Stroock, Proc. Natl. Acad. Sci.
U. S. A., 2012, 109, 9342–9347.

157 C. O'Connor, E. Brady, Y. Zheng, E. Moore and K. R.
Stevens, Nat. Rev. Mater., 2022, 7, 702–716.

158 D. Wang, S. Maharjan, X. Kuang, Z. Wang, L. S. Mille, M.
Tao, P. Yu, X. Cao, L. Lian, L. Lv, J. J. He, G. Tang, H. Yuk,
C. K. Ozaki, X. Zhao and Y. S. Zhang, Sci. Adv., 2022, 8,
eabq6900.

159 C. Norotte, F. S. Marga, L. E. Niklason and G. Forgacs,
Biomaterials, 2009, 30, 5910–5917.

160 D. B. Kolesky, K. A. Homan, M. A. Skylar-Scott and J. A.
Lewis, Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 3179–3184.

161 M. A. Skylar-Scott, S. G. M. Uzel, L. L. Nam, J. H. Ahrens,
R. L. Truby, S. Damaraju and J. A. Lewis, Sci. Adv., 2019, 5,
eaaw2459.

162 S. You, Y. Xiang, H. H. Hwang, D. B. Berry, W.
Kiratitanaporn, J. Guan, E. Yao, M. Tang, Z. Zhong, X. Ma,
D. Wangpraseurt, Y. Sun, T.-Y. Lu and S. Chen, Sci. Adv.,
2023, 9, eade7923.

163 Y. Yan, X. Li, Y. Gao, S. Mathivanan, L. Kong, Y. Tao, Y.
Dong, X. Li, A. Bhattacharyya, X. Zhao and S.-C. Zhang, Cell
Stem Cell, 2024, 31, 260–274.e267.

164 Y. Zhao, N. Rafatian, N. T. Feric, B. J. Cox, R. Aschar-Sobbi,
E. Y. Wang, P. Aggarwal, B. Zhang, G. Conant, K.
Ronaldson-Bouchard, A. Pahnke, S. Protze, J. H. Lee, L.
Davenport Huyer, D. Jekic, A. Wickeler, H. E. Naguib, G. M.
Keller, G. Vunjak-Novakovic, U. Broeckel, P. H. Backx and
M. Radisic, Cell, 2019, 176, 913–927.e918.

165 Y. Wang, D. B. Gunasekara, M. I. Reed, M. DiSalvo, S. J.
Bultman, C. E. Sims, S. T. Magness and N. L. Allbritton,
Biomaterials, 2017, 128, 44–55.

166 J. H. Ahrens, S. G. M. Uzel, M. Skylar-Scott, M. M. Mata, A.
Lu, K. T. Kroll and J. A. Lewis, Adv. Mater., 2022, 34,
e2200217.

167 D. S. Reynolds, I. de Lázaro, M. L. Blache, Y. Liu, N. C.
Jeffreys, R. M. Doolittle, E. Grandidier, J. Olszewski, M. T.
Dacus, D. J. Mooney and J. A. Lewis, Adv. Mater., 2023, 35,
2210748.

168 M. Tang, Q. Xie, R. C. Gimple, Z. Zhong, T. Tam, J. Tian,
R. L. Kidwell, Q. Wu, B. C. Prager, Z. Qiu, A. Yu, Z. Zhu, P.
Mesci, H. Jing, J. Schimelman, P. Wang, D. Lee, M. H.
Lorenzini, D. Dixit, L. Zhao, S. Bhargava, T. E. Miller, X.
Wan, J. Tang, B. Sun, B. F. Cravatt, A. R. Muotri, S. Chen
and J. N. Rich, Cell Res., 2020, 30, 833–853.

169 A. Urciuolo, G. G. Giobbe, Y. Dong, F. Michielin, L.
Brandolino, M. Magnussen, O. Gagliano, G. Selmin, V.
Scattolini, P. Raffa, P. Caccin, S. Shibuya, D. Scaglioni, X.
Wang, J. Qu, M. Nikolic, M. Montagner, G. L. Galea, H.
Clevers, M. Giomo, P. De Coppi and N. Elvassore, Nat.
Commun., 2023, 14, 3128.

170 Y. Fang, Y. Guo, B. Wu, Z. Liu, M. Ye, Y. Xu, M. Ji, L. Chen,
B. Lu, K. Nie, Z. Wang, J. Luo, T. Zhang, W. Sun and Z.
Xiong, Adv. Mater., 2023, 35, 2205082.

171 J. A. Brassard, M. Nikolaev, T. Hübscher, M. Hofer and
M. P. Lutolf, Nat. Mater., 2021, 20, 22–29.

172 D. M. Stresser, A. K. Kopec, P. Hewitt, R. N. Hardwick, T. R.
Van Vleet, P. K. S. Mahalingaiah, D. O'Connell, G. J.
Jenkins, R. David, J. Graham, D. Lee, J. Ekert, A. Fullerton,
R. Villenave, P. Bajaj, J. R. Gosset, S. L. Ralston, M. Guha,
A. Amador-Arjona, K. Khan, S. Agarwal, C. Hasselgren, X.
Wang, K. Adams, G. Kaushik, A. Raczynski and K. A.
Homan, Nat. Biomed. Eng., 2024, 8, 930–935.

173 A.-A. Olijnik, A. Rodriguez-Romera, Z. C. Wong, Y. Shen,
J. S. Reyat, N. J. Jooss, J. Rayes, B. Psaila and A. O. Khan,
Nat. Protoc., 2024, 19, 2117–2146.

174 Y. Zhang, Q. Hu, Y. Pei, H. Luo, Z. Wang, X. Xu, Q. Zhang,
J. Dai, Q. Wang, Z. Fan, Y. Fang, M. Ye, B. Li, M. Chen, Q.
Xue, Q. Zheng, S. Zhang, M. Huang, T. Zhang, J. Gu and Z.
Xiong, Nat. Commun., 2024, 15, 3382.

175 A. Herland, B. M. Maoz, D. Das, M. R. Somayaji, R.
Prantil-Baun, R. Novak, M. Cronce, T. Huffstater, S. S. F.
Jeanty, M. Ingram, A. Chalkiadaki, D. Benson Chou, S.
Marquez, A. Delahanty, S. Jalili-Firoozinezhad, Y. Milton,
A. Sontheimer-Phelps, B. Swenor, O. Levy, K. K. Parker,
A. Przekwas and D. E. Ingber, Nat. Biomed. Eng.,
2020, 4, 421–436.

176 N. Picollet-D'hahan, A. Zuchowska, I. Lemeunier and S. Le
Gac, Trends Biotechnol., 2021, 39, 788–810.

Lab on a Chip Critical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1039/d4lc00769g


1096 | Lab Chip, 2025, 25, 1081–1096 This journal is © The Royal Society of Chemistry 2025

177 I. Wagner, E.-M. Materne, S. Brincker, U. Süßbier, C.
Frädrich, M. Busek, F. Sonntag, D. A. Sakharov, E. V.
Trushkin, A. G. Tonevitsky, R. Lauster and U. Marx, Lab
Chip, 2013, 13, 3538–3547.

178 Y. Huang, B. Y. S. Kim, C. K. Chan, S. M. Hahn, I. L.
Weissman and W. Jiang, Nat. Rev. Immunol., 2018, 18,
195–203.

179 H. H. Chung, M. Mireles, B. J. Kwarta and T. R. Gaborski,
Lab Chip, 2018, 18, 1671–1689.

180 T. Satoh, S. Sugiura, K. Shin, R. Onuki-Nagasaki, S. Ishida,
K. Kikuchi, M. Kakiki and T. Kanamori, Lab Chip, 2018, 18,
115–125.

181 R. Novak, M. Ingram, S. Marquez, D. Das, A. Delahanty, A.
Herland, B. M. Maoz, S. S. F. Jeanty, M. R. Somayaji, M.
Burt, E. Calamari, A. Chalkiadaki, A. Cho, Y. Choe, D. B.

Chou, M. Cronce, S. Dauth, T. Divic, J. Fernandez-Alcon, T.
Ferrante, J. Ferrier, E. A. FitzGerald, R. Fleming, S. Jalili-
Firoozinezhad, T. Grevesse, J. A. Goss, T. Hamkins-Indik, O.
Henry, C. Hinojosa, T. Huffstater, K.-J. Jang, V. Kujala, L.
Leng, R. Mannix, Y. Milton, J. Nawroth, B. A. Nestor, C. F.
Ng, B. O'Connor, T.-E. Park, H. Sanchez, J. Sliz, A.
Sontheimer-Phelps, B. Swenor, G. Thompson, G. J.
Touloumes, Z. Tranchemontagne, N. Wen, M. Yadid, A.
Bahinski, G. A. Hamilton, D. Levner, O. Levy, A. Przekwas,
R. Prantil-Baun, K. K. Parker and D. E. Ingber, Nat. Biomed.
Eng., 2020, 4, 407–420.

182 X. Mou, J. Shah, Y. Roye, C. Du and S. Musah, Sci. Adv.,
2024, 10, eadn2689.

183 Y. I. Wang, C. Carmona, J. J. Hickman and M. L. Shuler,
Adv. Healthcare Mater., 2018, 7, 1701000.

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 0
8 

st
yc

zn
ia

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
3.

02
.2

02
6 

02
:2

5:
17

. 
View Article Online

https://doi.org/10.1039/d4lc00769g

	crossmark: 


