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Abstract
Bioprinting technology integrates computer-aided design with precision deposition 
manufacturing to achieve the spatially controlled assembly of cells, biomaterials, 
and bioactive factors, providing important technical support for the standardized 
construction of functional organoids. This review systematically summarizes recent 
advances in bioprinting applications for organoid engineering, with particular 
attention to the adaptation criteria of printing technologies for different organoid 
systems. First, the working principles, technical features, representative commercial 
platforms, and application scopes of four mainstream bioprinting modalities 
(inkjet-based, extrusion-based, photopolymerization-based, and laser-assisted 
bioprinting) are summarized, and a standardized horizontal comparison of their core 
performance parameters is provided. Second, the classification, biological functions, 
and optimization strategies of three core bioink components (biomacromolecular 
matrices, functional cells, and bioactive factors) are comprehensively discussed. 
On this basis, representative research progress in seven major organoid categories, 
namely liver, intestinal, osteochondral, tumor, renal, cardiac, and cerebral organoids, 
is described, and the differential requirements of diverse organoid scenarios 
for printing protocols are systematically analyzed. In addition, four bottleneck 
challenges limiting current development are examined, including the trade-off 
between printing resolution and structural complexity, maintenance of cell viability 
and biological function, construction of hierarchical vascular networks, and cost 
and scalability issues, together with corresponding targeted technical solutions. 
Finally, future directions are discussed from the perspectives of tissue and organ 
regeneration, precision medicine, drug toxicity evaluation, bioink innovation, and 
artificial intelligence-assisted biomanufacturing (covering formulation prediction, 
developmental simulation, in-process quality control, and personalized structural 
design), aiming to provide theoretical references and technical selection guidelines 
for technological iteration and clinical translation in this interdisciplinary field.
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1. Introduction
Three-dimensional (3D) bioprinting is an advanced interdisciplinary manufacturing 
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technology that integrates biomaterials science, cell 
biology, precision manufacturing, and computer science. 
At its core, it uses computer-aided design (CAD) to guide 
dedicated printing devices for the precise deposition of 
“bioinks” loaded with cells, biomaterials, and bioactive 
factors, enabling the fabrication of viable 3D tissues and 
even organ analogs. Owing to its high customizability, fine 
structural controllability, and cost-effectiveness in small-
batch production, this technology has emerged as a core 
enabling platform in biomedical research and translational 
applications.1 The origins of bioprinting can be traced to 
the 1990s, when early research primarily focused on the 
fabrication of acellular biomaterial scaffolds. In the early 
21st century, breakthroughs in cell-printing technologies—
most notably low-temperature deposition manufacturing 
and precision cell dispensing—drove a gradual shift in 
the field’s research focus, moving from material-centric 
scaffold production to the bioprinting of functional tissue 
and organ constructs.2 Key landmark developments 
spanning nearly four decades of advancement in this field 
are chronologically summarized in the timeline illustrated 
in Figure 1. At present, the field has developed a diversified 
technical system based on different material deposition 
mechanisms, with four mainstream modalities forming 
the core technical framework. Extrusion-based bioprinting 
drives continuous bioink filaments through pneumatic or 
mechanical force for layer-by-layer deposition, showing 
broad material compatibility and suitability for large-
scale tissue construction; inkjet-based bioprinting 
generates uniform microdroplets through thermal, 
piezoelectric or acoustic pulses to achieve high-precision 
cell patterning; photopolymerization-based bioprinting 
uses light-induced crosslinking of photosensitive 
bioinks to fabricate constructs with micrometer-level 
resolution; and laser-assisted bioprinting (LAB) enables 
nozzle-free cell transfer through laser-induced forward 
transfer, reducing shear stress-induced cell damage.3-7 In 
recent years, with continuous improvements in bioink 
formulation, printing resolution, and multicellular 
co-printing strategies, these technologies have overcome 
many limitations of traditional 3D cell culture systems 
and become major approaches for constructing complex 
3D biological architectures. Nevertheless, important 
engineering bottlenecks remain to be addressed: the 
range of biomaterials suitable for clinical-grade bioinks 
is still limited, the construction of functional hierarchical 
vascular networks lacks mature and reliable solutions, and 
standardized large-scale manufacturing protocols remain 
insufficiently developed. These constraints have become 
key factors restricting further clinical translation of this 
technology.8-11 Organoids are 3D in vitro culture models 
that recapitulate the structural architecture and functional 

phenotypes of native organs, and have become important 
platforms for disease mechanism research, drug screening, 
and regenerative medicine exploration. Conventional 
organoid fabrication depends largely on the spontaneous 
self-organization of stem cells, which inherently results 
in high structural heterogeneity, poor control of size and 
morphology, and limited tissue volume, making it difficult 
to accurately reproduce the spatial cellular distribution 
and specialized microenvironmental characteristics of 
in vivo tissues. By contrast, bioprinting allows precise 
regulation of organoid size, morphology, and internal 
microenvironment through digital modeling and precision 
deposition. It supports the ordered assembly of multiple 
cell types, biomaterials, and bioactive factors in predefined 
spatial patterns, thereby more closely reproducing the 
physiological architecture of native tissues and promoting 
the functional maturation of organoids.12,13 Furthermore, 
standardized fabrication workflows and controllable 
structural and functional properties provide bioprinted 
organoids with better compatibility with clinical quality 
requirements, showing broad application prospects in 
personalized medicine, regenerative medicine, multi-
organ model construction, and disease progression 
simulation.14-18 Existing reviews in this field generally 
focus separately on bioprinting technology systems or 
organoid construction methodologies. Few studies have 
closely integrated these two fields to systematically clarify 
the selection criteria and adaptation rules of printing 
technologies for different organoid systems, and forward-
looking analysis of emerging interdisciplinary directions 
such as artificial intelligence (AI)-assisted intelligent 
biomanufacturing remains insufficient. To address this gap, 
this review systematically summarizes the latest research 
progress of bioprinting technology in the field of organoid 
construction. First, it elaborates the working principles, 
technical characteristics, and representative commercial 
equipment of four mainstream bioprinting technologies, 
and provides a standardized horizontal comparison of 
core performance parameters. Second, it comprehensively 
discusses the classification, biological functions, and 
optimization strategies of the three core components of 
bioinks: biomacromolecular matrices, functional cells, and 
bioactive factors. On this basis, it summarizes representative 
applications and recent achievements of this technology in 
the construction of liver, intestinal, osteochondral, tumor, 
renal, cerebral, and cardiac organoids, and analyzes the 
matching characteristics of different printing technologies 
for various organoid scenarios (Figure 2). Finally, it outlines 
the key challenges restricting the development of this field 
and corresponding technical solutions, and discusses 
future development directions from the perspectives of 
tissue regeneration, precision medicine, drug toxicology 
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Figure 1. Timeline of the development of bioprinting technology 
Abbreviation: DISP: Deep-tissue in vivo sound printing.

evaluation, bioink innovation, and AI-assisted intelligent 
biomanufacturing, aiming to provide theoretical references 
for technological iteration and clinical translation in this 
interdisciplinary field.

2. Bioprinting technologies and equipment
2.1. Inkjet-based bioprinting

2.1.1. Working principle

Inkjet-based bioprinting traces its origins to conventional 
graphic inkjet printing systems and ranks among the earliest 

technologies adapted for cell-laden biomanufacturing 
applications. At its operational core, the technique exploits 
transient pressure pulses generated via distinct physical 
mechanisms to atomize cell-laden bioink into uniform 
ultrafine droplets ranging from 10 to 100 μm in diameter. 
Guided by CAD models, these droplets are deposited with 
high spatial precision at predefined positions on a collector 
substrate, supporting the layer-by-layer assembly of 3D 
constructs. Depending on the physical principle used 
to generate these pressure pulses, inkjet bioprinting falls 
into three primary subtypes. Thermal inkjet bioprinting, 
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the earliest and most widely adopted variant, uses resistive 
microheater elements that trigger an instantaneous local 
temperature spike of 200 °C–300 °C in the immediately 
adjacent bioink. This abrupt thermal input nucleates 
rapidly expanding microbubbles, which create a transient 
pressure surge that drives discrete bioink droplets through 
the nozzle orifice. Piezoelectric inkjet bioprinting leverages 
the electromechanical coupling effect of piezoelectric 
materials. Under an applied voltage, the piezoelectric 
elements undergo rapid mechanical deformation, 
generating pressure waves that propagate through the 
bioink reservoir and force uniform bioink droplets to 
eject from the nozzle. The third modality, acoustic inkjet 
bioprinting, employs high-frequency acoustic waves to 
induce localized pressure fluctuations within the bioink 
reservoir. These acoustic perturbations deform the liquid 
meniscus at the nozzle outlet, triggering the controlled 
formation and ejection of cell-laden microdroplets without 
direct mechanical or thermal contact with the bioink. 

2.1.2. Technical advantages and limitations

This technique mainly relies on pressure generated 
by acoustic waves, piezoelectric actuators, or thermal 

bubbles to disperse cell-containing bioinks into ultrafine 
droplets, which are then deposited with high precision 
onto predefined positions.19,20 The advantages of this 
technology are particularly evident, including rapid 
printing speed, relatively low operating cost, and 
extremely high printing resolution,21,22 which permits 
highly accurate cell positioning.23 Moreover, the system 
can simultaneously operate multiple nozzles to print 
different types of cells, biomaterials, and bioactive factors 
in parallel, making it highly suitable for fabricating 
complex tissue models.24 However, the limitations 
of this technology are also substantial. Inkjet-based 
printing imposes strict requirements on the viscosity and 
concentration of bioinks.25 Excessively low concentrations 
reduce cell encapsulation efficiency, whereas slightly 
increased concentrations can easily cause nozzle blockage. 
Consequently, this technology is less suitable for fabricating 
large-scale tissues or tissues with high cell density.

2.1.3. Representative commercial equipment

Inkjet-based bioprinting ranks among the earliest 
bioprinting modalities to achieve widespread commercial 

Figure 2. Bioprinting for organoid construction and its future applications. This schematic summarizes four mainstream bioprinting technologies (inkjet-
based, extrusion-based, photopolymerization-based, and laser-assisted bioprinting). Centered on organoid construction, it covers core biomaterial 
systems, seven representative organoid types, and core applications, including regenerative repair, drug development, and disease modeling, and presents 
emerging directions such as bioink innovation, artificial intelligence empowerment, process optimization, and industrial implementation.
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translation, with its hardware evolution unfolding across 
three distinct developmental phases. Early-generation 
systems were retrofitted from industrial inkjet printing 
platforms, with application focused primarily on single-
cell microarray patterning. As the technology matured, 
purpose-built bioprinters emerged to enable multi-channel 
parallel deposition and the layer-by-layer stacking of 3D 
constructs. Contemporary systems are advancing toward 
high-throughput, high-precision customized fabrication 
of organoid-on-a-chip platforms. The overarching 
rationale behind this iterative development has been 
to preserve the inherent droplet precision advantage of 
inkjet technology while progressively expanding cell and 
material compatibility, boosting printing throughput, and 
enhancing process robustness. Currently, commercially 
available inkjet bioprinting platforms exhibit well-
differentiated technical positioning tailored to distinct 
application scenarios. The MicroFab Jetlab II system 
(MicroFab Technologies, United States of America [USA]) 
serves as a longstanding benchmark platform in the field. 
Employing a physically actuated droplet-on-demand jetting 
mechanism, it generates uniform microdroplets from 
low-viscosity bioinks laden with viable cells and growth 
factors, enabling layer-by-layer site-specific deposition 
along preprogrammed 3D trajectories. This system has an 
established track record of applications in the fabrication 
of fine, high-resolution tissue architectures.26 The GeSiM 
Nano-Plotter™ series (GeSiM, Germany) is engineered 
for high-throughput screening workflows. Built on high-
precision piezoelectric inkjet technology, it supports 
nanoliter-scale droplet deposition via multi-channel 
parallel printheads, allowing simultaneous printing of 
multiple cell types and bioactive factors. This platform 
is widely deployed for the scalable production of cell 
arrays and microscale organoid chips for drug screening 
applications.27 The nScrypt 3Dn-Tabletop (nScrypt, 
USA) extends beyond the constraints of single-modality 
systems by integrating piezoelectric inkjet printheads with 
micro-extrusion modules to enable hybrid printing across 
multiple bioprinting modalities. Capable of generating 
picoliter-scale droplets, it combines high spatial resolution 
with improved multi-material compatibility, making it 
well suited for constructing complex microtissue models 
containing heterogeneous multicellular components.28 
Despite these advances, prevailing commercial inkjet 
bioprinting systems share several inherent limitations 
that constrain their broader adoption. They impose strict 
thresholds on bioink viscosity and cell seeding density; 
high-concentration formulations carry a substantial 
risk of nozzle clogging, which hinders the fabrication of 
large-volume tissue constructs. In addition, residual risks 

of cellular damage persist across mainstream technical 
routes: thermal bubble inkjet systems are associated with 
transient temperature spikes, while piezoelectric systems 
expose encapsulated cells to mechanical shock during 
actuation. Looking ahead, three key developmental 
trajectories are expected to define the next generation of 
inkjet bioprinting hardware. The first is the development 
of coordinated multi-printhead control systems to enable 
spatially segregated, simultaneous printing of stromal 
cells, functional cell populations, and bioactive factors. The 
second is the integration of microfluidic chip technology to 
create unified platforms for high-throughput fabrication of 
organoid arrays. The third involves optimizing printhead 
flow channel geometries and actuation parameters to 
further expand the printable viscosity window and mitigate 
both shear-induced and thermal cellular damage.

2.2. Extrusion-based bioprinting

2.2.1. Working principle

Extrusion-based bioprinting represents the most 
extensively deployed and technologically mature 
bioprinting modality currently available. At its functional 
core, the technique applies controlled dispensing forces to 
extrude continuous bioink filaments through a micron-
scale nozzle. Guided by preprogrammed CAD models, 
these filaments are sequentially deposited in a layer-by-
layer fashion onto a motorized build platform to fabricate 
volumetric 3D constructs. Depending on the actuation 
mechanism used to drive bioink ejection from the material 
reservoir, extrusion bioprinting systems fall into two 
primary architectural categories. Pneumatic extrusion 
systems function by delivering regulated compressed air to 
the bioink reservoir, exerting homogeneous pressure across 
the bulk material column. This pressure drives steady, 
uninterrupted bioink flow through the printing nozzle to 
form consistent extruded filaments. Benefiting from its 
comparatively uncomplicated mechanical architecture, 
this approach exhibits broad compatibility with bioink 
formulations spanning a wide viscosity spectrum. 
Mechanical extrusion systems are further subdivided into 
piston-driven and screw-driven variants, distinguished 
by their internal force transmission components. Piston-
driven platforms achieve highly precise volumetric 
control over dispensed bioink by modulating the linear 
displacement of a piston within the reservoir barrel. By 
contrast, screw-driven configurations employ a rotating 
auger mechanism to convey material, a structural design 
that renders them especially suitable for processing high-
viscosity bioinks and formulations with high cell loading 
densities. 
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2.2.2. Technical advantages and limitations

This technique mainly uses pneumatic pressure or 
mechanical force to extrude bioinks through a nozzle, 
followed by layer-by-layer deposition along predefined 
pathways.29 Since it can conveniently process high-
viscosity or highly concentrated materials, extrusion-
based technology shows considerable advantages in 
material compatibility.30-32 It is particularly suitable 
for fabricating large-scale structures such as vascular, 
skeletal, and soft tissue models.33 However, extrusion-
based printing generally shows relatively low precision 
because its minimum feature size is directly limited by the 
nozzle diameter. In addition, the significant shear stress 
generated during extrusion often causes physical damage 
to cells, thereby affecting their final viability and biological 
functions.34,35

2.2.3. Representative commercial equipment

Extrusion-based bioprinting currently stands as the most 
commercially mature and widely deployed bioprinting 
modality across academic and industrial settings. Its 
hardware evolution follows a clear trajectory of upgrading 
from benchtop research tools to clinically translatable 
manufacturing platforms. Early-generation systems existed 
predominantly as single-actuation prototypes capable 
only of basic material extrusion and shaping. Subsequent 
iterations evolved into multifunctional platforms 
integrating pneumatic, piston-driven, and screw-driven 
actuation modes, enabling compatibility with a far broader 
range of material formulations. In recent years, the field has 
diverged into modular, benchtop, and good manufacturing 
practice (GMP)-grade clinical systems, designed to cover 
full-spectrum demands from fundamental research to 
industrial-scale biomanufacturing. Today’s commercial 
extrusion bioprinting landscape features well-defined 
tiered market positioning tailored to distinct use cases. 
The BioX and INKREDIBLE+ series from CELLINK 
(Sweden) represent the most prevalent models in global 
academic research markets. Built on foundational 
extrusion bioprinting principles with dual pneumatic and 
piston-driven extrusion modes, these systems support 
fabrication of diverse tissue engineering constructs. They 
have emerged as benchmark mid-tier research-grade 
bioprinters, with extensive adoption in the development 
of in vitro tissue and organ models.33,36 The 3D-Bioplotter 
series from EnvisionTEC (Desktop Health, Germany) is 
a long-established platform for high-end translational 
research. Supporting all three primary actuation 
modes—pneumatic, piston, and screw—this system 
accommodates an exceptionally wide viscosity window, 
ranging from low-viscosity cell suspensions to high-
viscosity composite scaffold materials. It offers distinct 

advantages in osteochondral tissue engineering and large-
volume tissue scaffold fabrication, making it a leading 
option for clinically oriented research.37 Positioned for the 
entry-level basic research market, the Allevi 2 benchtop 
bioprinter from Allevi (3D Systems, USA) features a 
modular printhead design that enables multi-material 
co-extrusion with precise temperature control. With a low 
operational barrier and broad material compatibility, this 
system is widely deployed across universities and research 
institutes for routine workflows including organoid 
construction and bioink formulation development.38 
Despite this market diversification, prevailing commercial 
extrusion bioprinting systems share several fundamental 
technical bottlenecks that limit their performance ceiling. 
The primary constraint lies in print resolution, which is 
directly bounded by the nozzle inner diameter; minimum 
feature sizes rarely fall below 100 μm, preventing accurate 
replication of the fine microarchitectures found in native 
tissues. A further challenge is sustained shear stress during 
extrusion, which inflicts measurable cellular damage and 
causes pronounced viability declines in high cell-density 
formulations. Additionally, positional accuracy in multi-
printhead coordination remains suboptimal, leaving 
room for improvement in fabrication consistency for 
complex gradient structures. Going forward, technological 
advancement of extrusion bioprinting hardware will 
unfold across four key strategic fronts. The first centers on 
mainstream adoption of coaxial and microfluidic extrusion 
technologies, which enable single-step fabrication of 
core-shell architectures and stratified tissue constructs. A 
second priority is integration of support bath (embedded) 
bioprinting capabilities, a breakthrough that would relax 
current geometric constraints on large-volume, structurally 
complex constructs. Third, incorporation of closed-loop 
pressure control and in-line optical monitoring systems 
will deliver improved process robustness and greater 
batch-to-batch printing consistency. Finally, continued 
development of fully enclosed, GMP-compliant clinical-
grade systems will be critical to enabling downstream 
clinical translation and therapeutic deployment.

2.3. Photopolymerization-based bioprinting

2.3.1. Working principle

Photopolymerization-based bioprinting operates on the 
basis of light-triggered crosslinking, using photosensitive 
bioink formulations that undergo rapid solidification upon 
exposure to ultraviolet or visible light irradiation.39 By 
directing patterned light onto discrete regions of liquid-state 
bioink, the technique initiates localized polymerization 
reactions, enabling the layer-by-layer assembly of solid 3D 
constructs. Based on the light delivery mechanism used 
to initiate crosslinking, photopolymerization bioprinting 
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systems fall into two primary technical categories, 
each with distinct curing kinetics and fabrication 
characteristics. Stereolithography (SLA)—the earliest 
developed variant—relies on a finely focused laser beam 
that scans the bioink surface in a pointwise raster pattern. 
For each layer, the laser traces the predefined cross-
sectional geometry across the liquid bioink reservoir, 
sequentially curing only the irradiated regions into solid 
two-dimensional (2D) sheets. These cured layers are then 
stacked vertically through precise z-axis translation of 
the build platform, ultimately forming the complete 3D 
architecture. In contrast, digital light processing (DLP) 
systems employ a digital micromirror device as their core 
light-patterning component. This device projects the full 
2D cross-sectional pattern across the entire bioink surface 
in a single exposure event, curing the complete target layer 
simultaneously. Unlike the serial scanning workflow of 
SLA, this parallel curing strategy eliminates point-by-point 
processing overhead, resulting in markedly higher printing 
speeds and overall fabrication throughput relative to point-
scanning SLA configurations.40,41

2.3.2. Technical advantages and limitations

Compared with other bioprinting approaches, the 
most notable advantage of photopolymerization-
based technology is its ultrahigh micrometer-scale 
resolution, making it particularly suitable for fabricating 
microfluidic chips and tissues with highly complex 
vascular architectures.39 However, this technology also 
faces several limitations. Both the photoinitiators and the 
light irradiation process itself may exert cytotoxic effects. 
Therefore, in practical applications, irradiation parameters 
must be carefully controlled, photoinitiator concentrations 
optimized, and safer alternative materials explored to 
ensure cell viability and preserve normal cellular activities.42 

2.3.3. Representative commercial equipment

Photopolymerization-based bioprinting hardware has its 
roots in industrial vat photopolymerization 3D printing 
technologies, with an overarching evolutionary rationale 
centered on preserving the technology’s inherent ultra-
high resolution while steadily advancing biocompatibility 
and cellular compatibility. Early-generation systems were 
directly repurposed from industrial SLA/DLP platforms 
and limited exclusively to cell-free scaffold fabrication. 
Subsequent developmental phases brought targeted 
refinements to light source wavelengths and photoinitiator 
formulations, expanding compatibility to cell-laden 
photosensitive hydrogel systems. State-of-the-art 
platforms are now progressing toward visible-light-driven 
curing, high-precision patterning, and high-throughput 
fabrication of customized microtissue architectures, 

cementing their role as foundational technologies for 
organoid-on-a-chip systems and microvascular network 
engineering. The current commercial landscape features 
a diverse set of platforms, each optimized for distinct 
technical priorities and application scenarios. The Lumen X 
DLP system from CELLINK ranks among the most widely 
adopted photopolymerization bioprinters in the field. 
Operating via full-layer pattern projection to enable rapid 
layer-wise curing, it achieves a maximum XY resolution of 
25 μm and accommodates a broad range of photosensitive 
hydrogel formulations including gelatin methacryloyl 
(GelMA) and poly(ethylene glycol) diacrylate. This 
platform is particularly well suited for engineering 
highly complex microvascular networks, microfluidic 
organ chips, and intricate organoid microarchitectures.43 
Engineered with an industrial-grade DLP light engine, the 
Asiga MAX X27 bioprinter (Asiga, Australia) delivers a 
native XY resolution of 27 μm. Uniquely, it supports both 
ultraviolet and visible light curing wavelengths, enabling 
pairing with low-cytotoxicity visible-light photoinitiator 
systems. This design preserves high printing fidelity 
while markedly improving post-printing cell viability, 
leading to widespread use in microfluidic chip fabrication 
and biomimetic microenvironment construction.44 
Representing the current pinnacle of commercial printing 
resolution, the S130 micro-SLA system from BMF Precision 
(China) employs projection micro-SLA technology to 
achieve a printing accuracy down to 2 μm. This capability 
enables fabrication of subcellular-scale fine structures 
using a variety of medical-grade photosensitive resins 
and biocompatible hydrogels, making it ideal for cutting-
edge research applications such as ultra-fine vascular 
networks and biomimetic organoid microscaffolds.45 
Despite these technological strides, commercially available 
photopolymerization bioprinting systems share several 
inherent limitations that restrict their broader translational 
potential. Printable material options remain largely confined 
to photosensitive modified formulations, with notably 
poor compatibility with unmodified native biomaterials. 
Conventional UV light sources and photoinitiators also 
carry residual risks of cytotoxicity and genotoxicity to 
encapsulated cells. In high cell-density bioinks, significant 
light scattering effects degrade crosslinking fidelity and 
produce blurred structural edges. Furthermore, achieving 
uniform through-thickness curing in large-volume, 
thick tissue constructs continues to pose a substantial 
technical challenge. Four key developmental trajectories 
are expected to drive advancement in this field over the 
coming years. First, broader adoption of visible-light and 
near-infrared curing technologies will further mitigate 
phototoxicity and improve long-term cell survival. Second, 
integration of two-photon polymerization capabilities 
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will enable 3D nanofabrication of microstructures with 
nanometer-scale precision. Third, the development of 
light scattering compensation algorithms and dynamic 
grayscale masking techniques will counteract resolution 
loss in high cell-density printing systems. Finally, coupling 
layer-by-layer in-line imaging with closed-loop curing 
parameter adjustment will enhance structural fidelity for 
thick tissue fabrication workflows.

2.4. Laser-assisted bioprinting

2.4.1. Working principle

Laser-assisted bioprinting, which evolved from laser-
induced forward transfer (LIFT) technology, represents 
a nozzle-free, non-contact bioprinting modality. This 
contact-free operating mode circumvents key limitations 
of nozzle-based printing systems—most notably nozzle 
clogging and shear stress-mediated cellular damage—
rendering it particularly well suited for rare, sensitive cell 
populations and high-viscosity bioink formulations.46 At 
its functional core, the technique harnesses focused pulsed 
laser irradiation to drive controlled, precise transfer of 
bioink from a donor ribbon onto a receiving substrate. 
Deposition follows predefined CAD trajectories, enabling 
layer-by-layer assembly of both 2D cell arrays and 3D 
biological constructs. Depending on the mechanism by 
which laser energy is converted into the propulsive force 
required for bioink transfer, LAB platforms fall into two 
primary technical configurations. The most prevalent and 
widely adopted variant is dynamic release layer (DRL)-
mediated LAB. The donor ribbon in this system adopts 
a tri-layer architecture, comprising a transparent glass 
carrier slide, a nanoscale metallic laser-absorbing layer 
(the DRL), and an overlying film of cell-laden bioink. As 
focused pulsed laser radiation penetrates the transparent 
carrier and impinges on the metallic absorbing layer, 
the absorbed energy induces instantaneous localized 
vaporization and generates high-pressure cavitation 
bubbles. The rapid expansion of these bubbles produces 
a directional propulsive force that ejects picoliter- to 
nanoliter-scale bioink microdroplets onto the receiving 
substrate. Programmable raster scanning of the laser 
across the donor ribbon further enables the fabrication 
of high-spatial-resolution 2D and 3D constructs. The 
second configuration, absorber-free direct LAB, dispenses 
entirely with the metallic absorbing layer to eliminate the 
risk of residual metallic particle contamination in printed 
constructs. In this design, the pulsed laser beam interacts 
directly with the bioink matrix: endogenous molecular 
components within the bioink absorb incident laser 
energy to trigger localized vaporization and subsequent 
droplet ejection. While this architecture enhances overall 
biosafety by removing exogenous metallic components, it 
demands more stringent parameter calibration to mitigate 

photothermal damage to encapsulated cells during the 
transfer process. 

2.4.2. Technical advantages and limitations 

As a nozzle-free, non-contact technology driven by pulsed 
laser energy, LAB fundamentally avoids nozzle clogging 
and reduces shear stress-induced cell damage, with cell 
viability generally exceeding 90%. It demonstrates excellent 
compatibility with rare and environmentally sensitive cells, 
supports a broad range of bioink viscosities and high-
cell-density hydrogel systems, and achieves micrometer-
level resolution with even single-cell positioning, making 
it suitable for constructing high-precision cell arrays 
and microtissue units. However, LAB is associated with 
relatively high equipment cost and operational complexity, 
resulting in a high technical threshold. Its relatively low 
printing efficiency also limits its suitability for large-volume 
organoid fabrication and high-throughput production. 
Conventional metal DRL systems carry potential 
biocompatibility risks due to particle residues, whereas 
absorber-free approaches require strict parameter control 
to avoid photothermal cell injury. Furthermore, inadequate 
process standardization restricts its commercialization and 
clinical translation.47 

2.4.3. Representative commercial equipment 

Laser-assisted bioprinting represents the latest commercial 
entrant and most technically demanding modality among 
the four mainstream bioprinting pathways. Its hardware 
evolution has progressed gradually from basic research 
prototypes toward dedicated platforms optimized for 
high precision and enhanced biosafety. Early iterations 
consisted largely of laboratory-assembled LIFT setups 
focused on proof-of-principle validation and single-cell 
patterning. Subsequent technological maturation gave rise 
to standardized commercial models with refined energy-
absorbing layer designs and calibrated process parameters. 
Contemporary LAB systems are now expanding toward 
multi-modality integration and four-dimensional (4D) 
bioprinting capabilities, with a primary focus on high-
end research and clinical scenarios involving rare cell 
populations and high-precision tissue models. The 
current landscape of representative commercial platforms 
features distinct, differentiated technical strategies. Among 
commercially available LAB systems, the NGB-R™ multi-
modality 4D bioprinting platform from Poietis (France) 
stands as the most prominent LIFT-based commercial 
implementation. It delivers strong performance across 
printing resolution, cell viability, fabrication speed, and 
bioink compatibility, while also supporting 4D bioprinting 
with spatiotemporal dynamic regulation capabilities. The 
system has been widely adopted for engineering delicate 
tissue models such as skin and cornea, as well as for 
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high-precision tumor organoid research.48 By contrast, 
the sciFLEXARRAYER S3 from Scienion (Germany) 
combines laser-assisted positioning with piezoelectric 
nanoliter dispensing technology. This hybrid configuration 
enables high-throughput, high-precision deposition of 
cells and bioactive factors, and is primarily deployed for 
the fabrication of microscale organoid arrays and high-
throughput drug screening chips, serving a critical role 
in pharmaceutical research and development.49 From an 
industrial development perspective, current commercial 
LAB systems still face multiple interconnected bottlenecks 
that constrain broader market penetration and clinical 
translation. For one, high capital procurement and 
maintenance costs, paired with complex operational 
workflows, create steep technical barriers for end users. 
Additionally, limited printing throughput and molding 
efficiency make the technology poorly suited for large-
volume organoid production or large-scale manufacturing. 
From a biosafety standpoint, conventional metallic 
DRL systems carry inherent risks of residual particle 
contamination, while absorber-free configurations present 
greater challenges in parameter control and elevated risks 
of photothermal cellular damage. Finally, the overall lack 
of process standardization further restricts commercial 
scalability and clinical translatability. Moving forward, 
the evolution of LAB equipment will center on four 

core developmental directions. First, the advancement 
of absorber-free direct laser transfer technologies will 
eliminate metallic residue risks and elevate overall 
biosafety profiles. Second, the adoption of parallel laser 
array architectures will drive substantial improvements 
in printing throughput and fabrication efficiency. Third, 
integration of in-line quality monitoring systems with 
automated process parameter optimization modules 
will reduce operational barriers and enhance process 
robustness. Finally, the establishment of standardized 
processing protocols and quality control frameworks will 
be critical to accelerating clinical translation and regulatory 
compliance. Across the current landscape of mainstream 
bioprinting technologies, the four established modalities 
diverge substantially in core performance attributes: 
spatial printing resolution, post-print cell viability, and 
overall fabrication throughput. Their key quantitative 
specifications have been independently validated and 
calibrated against standardized protocols across an 
extensive body of peer-reviewed research. Drawing on 
harmonized measurement frameworks consolidated 
from prior research, this work conducts a systematic side-
by-side comparison of the four technologies across six 
distinct technical dimensions, with their core performance 
parameters and corresponding application suitability 
summarized in detail in Table 1.

Table 1. Comparison of core parameters and characteristics of four mainstream bioprinting technologies

Technical 
dimension

Inkjet-based 
bioprinting

Extrusion-based 
bioprinting

Photopolymerization-based 
bioprinting Laser-assisted bioprinting References

Typical resolution 20–100 μm 100–500 μm 2–100 μm (DLP/SLA) 10–50 μm (single droplet)

9,21,39,47,50-56

Cell viability 80%–95% 70%–90% 60%–85% 90%–98%

Printing speed Fast (high throughput 
for small structures) Medium Fast (whole-layer curing) Slow (low throughput)

Bioink viscosity 
range Low (1–10 mPa·s) Wide (30 mPa·s–106 

mPa·s)
Medium (5–300 mPa·s, 
photosensitive only) Wide (1–300+ mPa·s)

Core advantage
(i) High cell 
positioning accuracy
(ii) Fast printing speed

Wide material 
compatibility, large 
structure fabrication

Ultrahigh resolution, complex 
microstructure

Ultrahigh cell viability, 
nozzle-free

Core limitation
Low viscosity 
requirement, easy 
nozzle clogging

Low resolution, high 
shear stress

Phototoxicity risk and 
photoinitiator cytotoxity, 
limited materials

High cost, low throughput

Representative 
equipment

MicroFab Jetlab II, 
GeSiM Nano-Plotter

CELLINK BioX, 
EnvisionTEC 
3D-Bioplotter

CELLINK Lumen X, Asiga 
MAX X27

Poietis NGB-R, Scienion 
sciFLEXARRAYER

Suitable organoid 
scenarios

High-throughput 
small organoid arrays, 
cell patterning

Large-volume 
organoids, 
osteochondral gradient 
structures

Microvascular organoids, 
organ-on-a-chip

Rare cell organoids, single-
cell precision models
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3. Key components of bioinks
3.1. Biomacromolecular matrices

Biomacromolecular matrices function as the principal 
structural framework of bioinks. They not only determine 
the rheological behavior and mechanical properties of the 
bioink, but also provide an essential microenvironment for 
cellular survival and proliferation. At present, commonly 
used matrix materials can generally be classified into two 
major groups: natural biomacromolecules and synthetic 
polymer materials.57

3.1.1. Natural biomacromolecules

Since they are directly obtained from biological 
tissues, natural biomacromolecules possess excellent 
biocompatibility and cell adhesion capacity, allowing them 
to closely resemble the in vivo cellular microenvironment. 
Therefore, they are among the most widely used 
biomaterials in bioprinting applications.58 Representative 
examples include collagen, alginate, hyaluronic acid, and 
Matrigel. 

Collagen is isolated from animal tissues and represents 
a major component of the extracellular matrix.59 It 
contains arginine–glycine–aspartic acid (RGD) sequences 
that promote cell adhesion 60,61 and is frequently used in 
skin tissue bioprinting. However, when used alone, its 
mechanical properties are usually insufficient, requiring 
combination with additional biomaterials.62 

Alginate is a natural polysaccharide extracted from 
seaweed and consists of repeating β-D-mannuronic acid 
and α-L-guluronic acid units.63,64 It shows excellent gelation 
capability and favorable biosafety and can rapidly form 
crosslinked structures in the presence of calcium ions.63 
However, because alginate lacks intrinsic cell adhesion 
sites, it is commonly combined with other hydrogel 
systems in practical applications.65 

Hyaluronic acid is a linear polysaccharide composed 
of D-glucuronic acid and N-acetylglucosamine 
repeating units and can serve as a bioink material for 3D 
bioprinting.66 It exhibits excellent biodegradability and 
low immunogenicity.67 However, its extremely high water 
solubility results in relatively poor structural stability.68 

Matrigel, a basement membrane matrix isolated from 
mouse tumor tissues, is widely used in organoid culture 
systems. It contains multiple natural extracellular matrix 
components that support cell proliferation. Moreover, its 
thermoreversible gelation characteristics help maintain gel 
stability under physiological conditions.69 Nevertheless, its 
limited tunability in mechanical properties and animal-
derived origin restrict its broader clinical application to 
some extent.70 

3.1.2. Synthetic polymer materials

Hydrogel matrix materials widely adopted for bioprinting 
fall into two primary categories: naturally derived 
biopolymers and synthetic polymers. Compared with 
natural biomaterials, synthetic polymers offer superior 
controllability over mechanical properties and degradation 
behavior. Representative synthetic polymers are summarized 
below. Polyethylene glycol is a linear water-soluble polymer 
synthesized via ring-opening polymerization of ethylene 
oxide monomers.71 It exhibits excellent hydrophilicity and 
minimal immunogenicity, making it particularly suitable 
for photopolymerization-based bioprinting applications.72 
However, its inherent bioinertness results in relatively 
poor cell adhesion. Polycaprolactone (PCL) possesses 
excellent biocompatibility and biodegradability. A key 
advantage of PCL is its capacity to closely mimic the native 
bone matrix, which underpins its widespread application 
in bone scaffold fabrication.73 Polylactic acid (PLA) is a 
widely used biomaterial noted for its cost-effectiveness and 
favorable biocompatibility, with degradation products that 
can be readily metabolized in the human body.74 However, 
PLA has limited osteoconductivity and cell-adhesive 
properties and may induce local inflammatory responses. 
Each material category presents distinct performance 
tradeoffs across core functional metrics—including 
biocompatibility, mechanical robustness, and degradation 
kinetics—and their fundamental material characteristics 
have been systematically characterized across an extensive 
body of biomaterials literature. A detailed comparison 
of the defining properties of these mainstream matrix 
materials is provided in Table 2.75 

3.2. Functional cells

Cells represent the functional foundation of bioprinted 
organoids, and the selection and origin of these cells 
directly influence the functional properties and application 
potential of organoids. Currently, the major sources of 
functional cells include mesenchymal stem cells (MSCs) 
and pluripotent stem cells (PSCs), both of which exhibit 
distinct advantages and limitations, as outlined below.

3.2.1. Mesenchymal stem cells

Mesenchymal stem cells are widely recognized as one 
of the most promising cell sources for 3D bioprinting. 
Their translational appeal stems from key biological 
properties: multilineage differentiation potential, low 
immunogenicity, ease of in vitro expansion, and paracrine-
mediated tissue regenerative capacity, all of which render 
MSCs well suited for functional tissue construction and 
clinical translation. MSCs isolated from different tissue 
sources exhibit pronounced heterogeneity in biological 
phenotypes and functional performance, alongside distinct 
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Table 2. Source, advantages and disadvantages of common biomacromolecular matrix materials in bioinks

Bioink Source Advantages Disadvantages References

Collagen Animal tissues

(i) Natural biocompatibility
(ii) Excellent cell affinity
(iii) Controllable biodegradability
(iv) Unique capability for constructing 
three-dimensional structures

(i) Weak mechanical properties
(ii) Excessively rapid and difficult-to-control 
degradation rate
(iii) Immunogenicity and biosafety risks

62,76-79

Alginate Seaweed

(i) Excellent biocompatibility with low 
toxicity and high safety
(ii) Mild ionic crosslinking preserving 
bioactivity

(i) Lack of cell recognition sites
(ii) Weak mechanical properties and poor 
stability

80-82

Hyaluronic acid Bacteria, yeast, 
animals

(i) Adaptable to the in vivo 
microenvironment
(ii) Supports cell proliferation and 
differentiation
(iii) Suitable for 3D bioprinting applications

(i) Lack of stable structural support
(ii) Poor cell adhesion
(iii) Low printing precision

83-86

Matrigel Animal tissues
(i) Low immunogenicity and favorable 
biosafety
(ii) Rich in natural cell adhesion sites

(i) Limited mechanical tunability
(ii) Risk of animal-derived pathogen 
contamination
(iii) Ethical and regulatory restrictions

70,87,88

Polyethylene glycol Synthetic 
polymerization

(i) Ultrahigh biocompatibility and low 
immunogenicity
(ii) High hydrophilicity
(iii) Strong chemical stability

(i) Lack of biological recognition sites
(ii) Limited mechanical strength
(iii) Pure polyethylene glycol is non-
biodegradable and may accumulate in vivo

89-91

Polycaprolactone Synthetic 
polymerization

(i) Excellent biocompatibility
(ii) Outstanding mechanical properties
(iii) Biodegradability

(i) Intrinsic biological inertness and lack of 
cell recognition sites
(ii) Poor hydrophilicity, affecting mass 
transport and cell adhesion

73,92,93

Polylactic acid Plant starch

(i) Excellent biocompatibility and low 
cytotoxicity
(ii) Superior mechanical rigidity and 
strength
(iii) Renewable raw materials, mature 
industrialization, and controllable costs

(i) Intrinsic biological inertness and poor cell 
adhesion
(ii) Extremely poor hydrophilicity, hindering 
mass transport
(iii) Degradation products may induce local 
acidification and inflammation

74,94,95

inherent advantages and application limitations. The core 
characteristics of the three mainstream MSC populations 
are summarized in Table 3.

3.2.2. Pluripotent stem cells

Pluripotent stem cells (PSCs), primarily including 
embryonic stem cells (ESCs) and induced pluripotent 
stem cells (iPSCs), represent highly promising starting 
cell populations for bioink development in 3D bioprinting 
and bioprinted organoid engineering. Owing to their 
robust self-renewal capacity and inherent pluripotency—
enabling differentiation into nearly all somatic cell 
types—PSCs offer an abundant, functionally diverse 
cellular source for bioprinting applications across bone, 
cartilage, myocardium, liver, neural tissue, and various 

organoid systems. These strengths are especially valuable 
for generating complex 3D tissue constructs. Despite 
their promise, PSC-based bioprinting faces notable 
translational hurdles. Incompletely differentiated cells 
carry inherent tumorigenic risk, and the efficiency of 
directed differentiation as well as the purity of resulting 
cell populations remain difficult to control precisely. 
Additionally, in vitro-derived differentiated cells frequently 
exhibit incomplete functional maturation. PSCs further 
display high sensitivity to bioink composition and printing 
parameters, introducing extra variability to fabrication 
consistency. Beyond these shared drawbacks, ESCs and 
iPSCs differ substantially in key translational aspects. ESCs 
are subject to distinct ethical and regulatory restrictions, 
while iPSC production and quality control processes 
are technically complex and cost-intensive. Significant 
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Table 3. Comparison of mesenchymal stem cells (MSCs) from different tissue sources

Source Advantages Disadvantages References

Bone marrow-derived 
MSCs 

(i) Multilineage differentiation potential 
with relatively low requirements for in 
vitro manipulation
(ii) Low risk of malignant transformation

(i) Invasive harvesting procedures
(ii) Relatively weak proliferative capacity
(iii) Declining differentiation potential with 
aging

96-98

Adipose-derived MSCs

(i) Minimally invasive harvesting with 
limited donor injury
(ii) High cell yield
(iii) Strong paracrine functions

(i) Donor variability leads to unstable cell 
quality
(ii) Controversies regarding potential 
tumorigenic risks

99-102

Human umbilical cord-
derived MSCs 

(i) Superior chondrogenic potential
(ii) Lower risk of hypertrophy

(i) Complex preparation procedures
(ii) Small sample size
(iii) Potential immune responses

103-105

discrepancies between the two cell types in tumorigenic 
potential and directed differentiation efficiency have 
also been widely reported. Overall, PSCs remain an 
irreplaceable cellular source for the advancement of 
functional tissue and organ bioprinting. Table 4 provides a 
detailed comparative summary of their core biological and 
functional properties.

Table 4. Advantages and limitations of pluripotent stem cells for bioprinted organoid construction

Cell type Advantages Disadvantages References

Embryonic stem cells

(i) Intrinsic pluripotency and stable differentiation 
potential
(ii) Well-established cell culture and differentiation 
systems
(iii) Great potential in organoid construction
(iv) Higher maturation of terminally differentiated 
cells and more stable functionality of printed 
tissues
(v) Superior genomic and epigenetic stability, 
reducing clinical safety risks

(i) Ethical controversies and legal/regulatory 
restrictions
(ii) Significant technical bottlenecks in precise 
differentiation control
(iii) Complex acquisition procedures and 
extremely limited sources
(iv) High risk of allogeneic immune rejection, 
preventing personalized therapy
(v) Inherent teratoma formation risks and 
prominent safety concerns in clinical applications

12,54,106-114

Induced pluripotent 
stem cells

(i) Unlimited proliferative capacity enabling large-
scale standardized production
(ii) Broad-spectrum differentiation potential with 
wide application scenarios
(iii) Potential for personalized therapy, 
fundamentally avoiding allogeneic immune 
rejection
(iv) Free from ethical controversies and more likely 
to gain regulatory approval
(v) Highly amenable to genetic engineering, 
enabling customized bioink functionalities
(vi) Superior post-printing tissue self-assembly 
and higher maturation, closely resembling native 
tissues

(i) Tumorigenicity and genomic instability
(ii)Low directed differentiation efficiency and 
insufficient maturation of terminal cells
(iii) Poor tolerance to printing processes, leading 
to reduced cell viability
(iv) High costs, lengthy production cycles, and 
incomplete quality-control systems for clinical-
grade preparation
(v)Residual risks of immune rejection
(vi) Insufficient long-term in vivo safety and 
functional stability data

115-120

3.3. Bioactive factors

Bioactive factors are the key functional constituents 
responsible for regulatory control within bioink 
systems. Through multidimensional signaling pathways, 
these factors regulate stemness maintenance, direct 
lineage-specific differentiation, and promote organoid 
morphogenesis and functional maturation, making 
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them indispensable functional elements of bioinks. 
These substances mainly include cytokines, chemokines, 
growth factors, hormones, and small-molecule signaling 
modulators.

3.3.1. Factors related to stem cell stemness 
maintenance and proliferation regulation

Representative molecules include epidermal growth factor, 
members of the fibroblast growth factor family, the Wnt 
signaling pathway activator R-spondin 1, and the bone 
morphogenetic protein inhibitor Noggin.121 These factors 
function as critical regulatory components for the in vitro 
expansion and stable maintenance of stemness phenotypes 
in epithelial-derived organoids, such as intestinal and 
hepatic organoids. Incorporating these factors into 
bioinks through precise loading approaches can effectively 
maintain stem cell survival and lineage stability after the 
printing process. In addition, such strategies can reduce 
cellular heterogeneity caused by the uneven diffusion of 
soluble factors in traditional organoid culture systems.

3.3.2. Factors inducing directed cell differentiation 
and lineage specification

Representative molecules include hepatocyte growth 
factor, vascular endothelial growth factor (VEGF), the 
transforming growth factor-β (TGF-β) superfamily, and 
nerve growth factor. These factors mediate the directed 
differentiation of PSCs or adult stem cells into tissue-
specific functional cells within bioprinting systems. They 
also participate in regulating cellular spatial organization 
and the establishment of cell polarity, thereby facilitating 
the formation and maturation of functional structural 
units within organoids.122 

3.3.3. Factors regulating angiogenesis and 
extracellular matrix remodeling

These factors mainly include VEGF, platelet-derived 
growth factor, and angiopoietins. Such molecules not 
only stimulate the proliferation, migration, and tubular 
structure formation of vascular endothelial cells within 
bioprinted organoids, but also participate in extracellular 
matrix remodeling. Consequently, they provide important 
support for vascular network construction and cross-
regional nutrient transport in large-scale organoids, 
thereby overcoming the persistent challenge of ischemic 
necrosis in the central regions of enlarged organoids 
during conventional culture processes.102 

4. Specific applications of bioprinting in 
organoid construction
Traditional organoid fabrication mainly depends on the 
self-organizing capability of stem cells, making it difficult 

to precisely regulate organoid size, morphology, spatial 
cellular distribution, and microenvironmental conditions. 
Consequently, conventional organoids often show inherent 
limitations, including pronounced structural heterogeneity, 
insufficient functional maturation, weak batch-to-batch 
reproducibility, and restricted size. In contrast, bioprinting 
technology, through CAD and precision deposition 
manufacturing, enables full-process regulation of organoid 
fabrication from three major aspects: structure, cellular 
composition, and microenvironment. This technology 
has demonstrated enormous application potential in the 
construction of multiple organoid types, including liver, 
intestinal, osteochondral, and tumor organoids, and has 
become an important driving force for advancing organoid 
technology from fundamental research toward clinical 
application.

4.1. Liver organoids

Liver organoids, because of their ability to closely 
reproduce the native architecture and physiological 
functions of human liver tissue, have become important 
research platforms in fields such as liver disease 
mechanism studies, drug hepatotoxicity evaluation, and 
regenerative treatment of liver failure. Therefore, they 
possess considerable research significance and clinical 
application value. Although substantial progress has 
been achieved in liver organoid research, conventional 
fabrication methods still encounter multiple limitations. 
Traditional liver organoids not only lack the characteristic 
polarized organization and functional zonation of hepatic 
lobules in vivo, but also fail to realize the precise spatial 
positioning and ordered arrangement of multiple cell 
populations, including hepatocytes, hepatic stellate cells, 
biliary epithelial cells, and vascular endothelial cells. 
These shortcomings directly lead to inadequate functional 
maturation, inability to maintain long-term in vitro culture, 
and difficulties in constructing large-scale liver tissues, 
thereby greatly restricting their broader applications.123 
Bioprinting technology offers a novel technical strategy 
for addressing these issues. Its most significant advantage 
lies in the ability to accurately reproduce the characteristic 
hexagonal architecture and cellular spatial distribution of 
hepatic lobules in vivo, thereby enabling the fabrication 
of biomimetic liver organoids with physiological polarity 
and functional zonation and effectively compensating for 
the deficiencies of traditional fabrication approaches.124 
Bioprinted liver organoids are generally constructed using 
co-culture systems composed of hepatocyte progenitor 
cells differentiated from human iPSCs, primary human 
hepatocytes, MSCs, and vascular endothelial cells. 
Through multi-nozzle co-printing strategies, various cell 
types can be regionally distributed with high precision, 
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thereby simulating the distinct cellular compositions of 
the portal triad and central vein regions within hepatic 
lobules and establishing the basis for organoid functional 
maturation.125 Bioink selection is another crucial factor 
influencing the fabrication of bioprinted liver organoids. 
Among currently available materials, natural hydrogels 
have become the predominant choice because of their 
excellent biocompatibility and strong cellular affinity. 
Collagen, Matrigel, and alginate are presently the three 
most widely used natural hydrogel materials. These 
biomaterials effectively mimic the natural extracellular 
matrix microenvironment of the liver, thereby providing 
favorable conditions for hepatocyte adhesion, proliferation, 
and differentiation. Simultaneously, they facilitate 
the reconstruction of native liver tissue architecture, 
thereby supporting the maintenance and maturation of 
hepatocyte-specific functions.126 In recent years, several 
important breakthroughs have been achieved in the 
application of bioprinting technology for liver organoid 
fabrication. Shrestha et al.127 leveraged microarray-based 
3D bioprinting to establish a reproducible protocol 
for generating human liver organoids on a pillar-plate 
culture platform. Live/dead viability staining confirmed 
that both manually pipetted and bioprinted iPSC-
derived organoids retained exceptionally high cellular 
viability (Figure 3A). When benchmarked against the 
conventional Matrigel embedding method in standard 
24-well plates, pillar-plate-cultured liver organoids 
displayed a smaller, more uniform size distribution with 
no prominent central necrotic cores (Figure 3B). Gene 
expression analyses further demonstrated that bioprinted 
constructs exhibited comparable or elevated expression of 
canonical liver-specific markers—including albumin and 
asialoglycoprotein receptor 1—relative to conventionally 
prepared controls, alongside sustained expression profiles 
of key drug-metabolizing enzymes. Importantly, the 
bioprinting workflow substantially attenuated batch-
to-batch variability, validating its utility as a robust 
and reliable platform for drug-induced hepatotoxicity 
screening assays (Figure 3C).127 Furthermore, Yan et al.128 
adopted layer-by-layer biopatterning to fabricate large-
scale liver organoids embedded with interconnected 
vascular networks. In vivo optical imaging revealed that 
grafts bearing biomimetic hepatic lobule architectures 
sustained superior long-term cell viability post-
implantation (Figure 3D–3E). Hematoxylin and eosin 
histological staining further verified seamless integration 
between bioprinted constructs and native host hepatic 
parenchyma, accompanied by spontaneous formation of 
nascent microvessels within the graft boundary (Figure 
3F–3G). This fabrication strategy relies on gradient VEGF 
release to guide directional endothelial migration and 

proliferation, yielding fully perfusable interconnected 
microvascular lumens. Such vascularized design 
circumvents the pervasive central necrosis defect seen in 
conventional liver organoids thicker than 100 μm, an issue 
triggered by insufficient nutrient diffusion deep inside 
thick tissue models.128 Bioprinted human liver organoids 
have also shown promising application prospects in animal 
experiments. Transplantation of bioprinted liver organoids 
into immunodeficient mouse models of liver failure 
significantly enhanced mouse survival rates and effectively 
restored liver function parameters, thereby providing a 
novel technical strategy and research direction for cell-
based therapies targeting end-stage liver diseases.129

4.2. Intestinal organoids

Intestinal organoids can effectively reproduce intestinal 
epithelial barriers, crypt–villus architectures, and 
microbiota–host interactions, thereby showing important 
application potential in studies related to inflammatory 
bowel disease, intestinal tumors, infectious diseases, and 
intestinal regeneration and repair.130 In 2009, the research 
group led by Hans Clevers successfully established the first 
intestinal organoids, marking the beginning of a new era in 
organoid technology.131 However, conventional intestinal 
organoids generated through 3D Matrigel embedding 
culture generally form randomly arranged cystic spheroidal 
structures. These organoids cannot accurately reproduce 
the tubular morphology of the intestine, the polarized 
organization of crypt–villus architecture, or the layered 
epithelial-stromal architecture. In addition, they fail to 
effectively simulate intestinal peristalsis and the microbial 
microenvironment, which greatly restricts their broader 
applications.132 Bioprinting technology enables the precise 
fabrication of intestinal organoids with biomimetic tubular 
architectures and layered structural features, thereby 
overcoming the structural deficiencies of conventional 
intestinal organoids. Extrusion-based bioprinting can 
directly fabricate tubular intestinal scaffold architectures, 
whereas coaxial printing technology enables layered designs 
containing luminal, mucosal, and muscular layers, thereby 
accurately reproducing the anatomical characteristics of 
the native intestine.133 Li et al.134 leveraged embedded 3D 
bioprinting to fabricate large-volume intestinal constructs 
featuring intricate biomimetic architectures and capillary-
scale vascular networks. Scanning electron microscopy 
analyses revealed regular, circumferential ridged structures 
lining the inner lumen of the printed scaffolds, which 
faithfully recapitulate the plicae circulares (circular folds) 
of native small intestinal tissue (Figure 4A). Micropores 
with an average diameter of approximately 200 μm were 
homogeneously distributed across the entire bulk of the 
scaffold matrix (Figure 4B). Immunofluorescence staining 
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Figure 3. In vitro characterization of bioprinted human liver organoids and their in vivo engraftment with vascularized tissue integration. (A) Live/
dead cell staining analysis demonstrated that both manually pipetted and bioprinted induced pluripotent stem cells maintained extremely high cellular 
viability. (B) (i) Human liver organoids (HLOs) cultured in 50 μL Matrigel microspheres within 24-well plates; (ii) HLOs cultured in 4 μL Matrigel spots 
on pillar plates. The overall morphology of organoids in both groups remained similar; however, the HLOs cultured on pillar plates were smaller, displayed 
improved uniformity, and showed no obvious central necrotic regions. (C) Expression levels of liver-associated biomarkers in HLOs generated in 24-well 
plates (i) and pillar plates (ii), including albumin (ALB), hepatocyte marker (ASGR1, HNF4A), cholangiocyte marker (SOX9), hepatic stellate cell marker 
(VIM), and Kupffer cell marker (CD68). Biomarker expression levels in the pillar plate group were significantly higher than or comparable to those in the 
24-well plate group. The expression of genes encoding drug-metabolizing enzymes, including CYP3A4, UGT1A1, and SULT2A1, was comparable between 
the two groups, whereas coagulation factor VII (F7) expression was lower in the pillar-plate group. Reprinted with permission from Shrestha et al.127 
Copyright © 2024, Royal Society of Chemistry. (D–G) In vivo imaging demonstrated that the lobule-like group maintained cellular viability for the longest 
duration after implantation. Hematoxylin and eosin staining revealed that the grafts successfully engrafted within the host liver tissue and spontaneously 
formed a small number of neovessels. Magnification: 4×, 10×, and 40×. Reprinted with permission from Yan et al.128 Copyright © 2025, The Authors. 
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further validated that human umbilical vein endothelial 
cells (HUVECs) were evenly dispersed throughout the 
scaffold body, while Caco-2 epithelial cells adhered and 
proliferated selectively along the luminal folds. This spatial 
arrangement gave rise to a stratified tissue hierarchy 
with an apical epithelial layer overlying a basal vascular 
compartment, closely recapitulating the native layered 
organization of intestinal tissue (Figure 4C). Relative to 
conventional 2D planar culture models, the bioprinted 
3D intestinal constructs developed denser, more orderly 
arranged surface microvilli that formed a contiguous brush 
border structure. The 3D constructs also displayed higher 
and more uniformly distributed expression of villin protein, 
a canonical marker of intestinal epithelial differentiation 
(Figure 4D). Following 14 days of in vitro cultivation, 
Caco-2 cells formed bud-shaped morphologies reminiscent 
of native intestinal organoid budding. Proliferative cell 

populations aggregated and migrated inward into the 
scaffold interior, giving rise to crypt-like invagination 
structures characteristic of native intestinal crypts (Figure 
4E).134 Existing studies have successfully used bioprinting 
technology to fabricate tubular intestinal organoids with 
functional crypt–villus topological architectures. These 
printed organoids can form structurally and functionally 
intact intestinal epithelial barriers. Transepithelial 
electrical resistance (TEER), a key parameter reflecting 
epithelial barrier integrity, was significantly higher in 
these bioprinted tubular organoids than in conventional 
cystic intestinal organoids generated through traditional 
culture systems. Building on prior bioprinting workflows, 
Torras et al.135 engineered a 3D intestinal model featuring 
biomimetic crypt–villus topographies. Bright-field imaging 
confirmed uniformly distributed villus arrays across the 
printed constructs, while cross-sectional characterization 

Figure 4. Structural architecture and epithelial functional maturation of large-scale biomimetic intestinal constructs fabricated via embedded 3D 
bioprinting. (A) Left: Photograph of the scaffold lumen showing continuous and regularly arranged circular protrusions. Right: Longitudinal cross-
sectional scanning electron microscopy (SEM) image clearly illustrating regularly distributed protrusion structures that mimic the circular folds of the 
native small intestine. Scale bar: 1 mm. (B) SEM images demonstrating uniformly distributed micropores of about 200 μm throughout the scaffold interior. 
Scale bar: 500 μm. (C) Fluorescent labeling analysis: human umbilical vein endothelial cells (HUVECs) were labeled with green DiO, whereas Caco-2 cells 
were labeled with red DiI. The results showed that HUVECs were uniformly distributed throughout the scaffold body, while Caco-2 cells adhered to and 
proliferated along the luminal folds, thereby forming a layered structure closely resembling that of the native intestine, with the epithelial layer positioned 
above and the vascular layer beneath. Scale bar: 1 mm. (D) 2D planar model: SEM images revealed sparse and short microvilli without the formation of a 
continuous brush border (scale bar: 5 μm). Immunofluorescence staining for Villin, a microvillus-specific marker, showed weak and unevenly distributed 
fluorescence signals (scale bar: 100 μm). 3D intestinal model: SEM images demonstrated surfaces densely covered with elongated and highly organized 
microvilli, forming a continuous brush border structure (scale bar: 5 μm). Villin fluorescence signals were strong and uniformly distributed (scale bar: 
100 μm). (E) (a–c) Observation of budding structures. After 14 days of culture, Caco-2 cells formed single-cell-layer bud-like protrusions about 100 μm in 
size, highly resembling the budding morphology of intestinal organoids cultured in Matrigel. Immunofluorescence analysis demonstrated high expression 
levels of Villin and ZO-1 within these budding structures, confirming their identity as functional epithelial architectures. Scale bar: 100 μm/1 mm. (d) 
EdU staining of proliferating cells. In the 2D model, proliferating cells were evenly and sparsely distributed. In contrast, proliferating cells in the 3D model 
clustered together and migrated inward into the scaffold interior, thereby forming crypt-like invaginated structures. Scale bar: 500 μm. Reprinted with 
permission from Li et al.134 Copyright © 2024, IOP Publishing Ltd. 
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corroborated the full 3D crypt–villus architecture and high 
dimensional fidelity of the fabricated tissues (Figure 5A). 
Cultures supplemented with stromal fibroblasts developed 
markedly more mature epithelial phenotypes after 21 
days of in vitro cultivation, relative to epithelial-only 
control groups (Figure 5B). Immunofluorescence staining 
verified the presence of intact basement membranes and 
cytoskeletal networks within the engineered model (Figure 
5C), with quantified structural parameters closely aligning 
with the physiological dimensions of native human small 
intestine (Figure 5D). Additional labeling of extracellular 
matrix proteins and intercellular junction markers further 
corroborated both the structural integrity and functional 
maturity of the fabricated tissue constructs (Figure 5E–5F). 
Functionally, this model exhibited significantly elevated 
TEER compared with conventional cystic intestinal 
organoids, enabling robust and reproducible recapitulation 
of core intestinal epithelial functions including molecular 

transport, nutrient absorption, and barrier defense.135 
In the field of regenerative medicine, bioprinted tubular 
intestinal organoids have shown the ability to effectively 
restore intestinal function in mouse models of short bowel 
syndrome. Following transplantation, these organoids 
integrated with host intestinal tissues and formed mature 
epithelial structures, significantly improving nutrient 
absorption capacity in mice. These findings provide a 
promising novel strategy for the treatment of intestinal 
defect-associated diseases.136 

4.3. Osteochondral organoids

The repair and regeneration of osteochondral defects 
caused by trauma and degenerative disorders remain major 
clinical challenges in the fields of orthopedics and sports 
medicine. Conventional therapeutic approaches, including 
autologous bone grafting and artificial joint prosthesis 
implantation, are associated with several inherent 

Figure 5. Structural fidelity and epithelial barrier function of a 3D-bioprinted intestinal model with biomimetic crypt–villus topography. (A) Bright-field 
images of the printed constructs. The top-view image (scale bar: 1.5 mm) demonstrates a uniformly distributed villus array, whereas the cross-sectional 
image further confirms the three-dimensional crypt–villus architecture and dimensional fidelity. Scale bar: 400 μm. (B) Bright-field images obtained 
after 21 days of culture (scale bar: 100 μm). Control group: blank hydrogel without stromal cells seeded with Caco-2 cells. Experimental group: NIH-
3T3-containing hydrogel seeded with Caco-2 cells. Scale bar: 100 μm. (C) Immunofluorescence staining of tissue sections. F-actin (gray) indicates the 
cytoskeleton, type IV collagen (yellow) labels the basement membrane, and DAPI (blue) stains cell nuclei. Scale bar: 200 μm. (D) Structural parameters: 
base diameter of 6.0 mm and thickness of 250 μm; villus height of 700 μm and diameter of 300 μm; crypt depth of 150 μm and diameter of 250 μm, fully 
corresponding to the physiological dimensions of the human small intestine. (E) Extracellular matrix protein staining: laminin (magenta), type IV collagen 
(yellow), and fibronectin (cyan). Scale bar: 100 μm. (F) Cell-type and junction marker staining (scale bar: 100 μm): E-cadherin (red) marks epithelial cell 
junctions, while vimentin (green) marks stromal fibroblasts. Scale bar: 100 μm. Reprinted with permission from Torras et al.135 
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shortcomings, such as secondary donor-site injury, 
inadequate tissue compatibility, long-term prosthesis 
loosening, and limited implant durability.137 At present, 
osteochondral organoids fabricated using traditional 
construction systems still face major technical barriers. 
These systems cannot accurately reproduce the spatial 
gradient architecture and gradient mechanical 
characteristics of native osteochondral tissues, nor can 
they achieve the ordered reconstruction of the triphasic 
hierarchical structure composed of the hyaline cartilage 
layer, calcified cartilage layer, and subchondral bone. In 
particular, the characteristic arcade-like collagen network 
of articular cartilage, which plays a crucial role in tissue 
mechanical strength and load-bearing capacity, is 
extremely difficult to precisely reconstruct using 
conventional approaches. As a result, engineered cartilage 
shows mechanical performance far inferior to that of 
native tissue and demonstrates poor long-term stability in 
vivo. Moreover, the overall mechanical strength of 
conventional organoids is insufficient to withstand the 
physiological mechanical environment of load-bearing 
regions, thereby greatly limiting their translational 
application potential for in vivo tissue repair.138 As a digital 
additive manufacturing strategy, 3D bioprinting enables 
precise spatial positioning and controllable deposition of 
biomaterials and functional cells, thereby allowing highly 
accurate customization of the multiscale architecture and 
mechanical properties of engineered constructs. 
Consequently, it has become a central technological 
platform for fabricating biomimetic hierarchical 
osteochondral organoids. Its unique advantage lies in its 
ability to realize integrated biomimetic design and 
fabrication of gradient structures, heterogeneous cellular 
compositions, and gradient mechanical properties of 
osteochondral composite tissues within a single fabrication 
process, thereby closely matching the physiological 
architecture and functional features of native osteochondral 
tissues. At the material-system design level, 3D bioprinting 
of osteochondral organoids commonly uses soft–stiff 
gradient composite bioink systems. Natural polymer-based 
hydrogels are generally selected for fabricating the cartilage 
layer because these materials possess biocompatibility and 
network structures similar to the extracellular matrix of 
native cartilage, thereby enabling accurate matching of the 
low-modulus, high-resilience mechanical properties and 
physiological microenvironment of hyaline cartilage tissue. 
In contrast, the subchondral bone layer is usually fabricated 
using biodegradable aliphatic polyesters such as PCL and 
PLA, combined with calcium phosphate bioceramics, 
including hydroxyapatite, to form composite systems. 
These materials markedly improve the mechanical strength 
and structural stability of printed scaffolds while 

simultaneously mimicking the rigid support function and 
osteogenic microenvironment of subchondral bone tissue. 
Ultimately, multicomponent gradient printing strategies 
enable continuous transitions in mechanical properties 
from the cartilage layer to the subchondral bone layer, 
thereby reproducing the natural mechanical gradient 
characteristics of the osteochondral interface.139 To address 
insufficient endogenous stem cell recruitment, limited 
vascularization, and inadequate osteoinductive activity in 
acellular bone repair scaffolds, Cao et al.140 incorporated 
10% injectable platelet-rich fibrin (i-PRF) and 1% synthetic 
magnesium silicate nanoclay (Laponite [Lap])  
into an alginate methacryloyl/GelMA–methylcellulose 
(abbreviated AGM) bioink and fabricated porous i-PRF-
AGM@Lap hydrogel scaffolds using 3D bioprinting. 
Transwell migration assays revealed a synergistic 
chemotactic effect between growth factors released from 
i-PRF and Mg2+/Si4+ ions eluted from Lap, which drove 
maximal directional chemotactic migration of bone 
marrow-derived mesenchymal stem cells (BMSCs) (Figure 
6A–6C). Wound scratch assays corroborated these pro-
migratory effects, demonstrating that the optimized 
composite scaffold markedly enhanced BMSC motility and 
in vitro wound closure efficiency (Figure 6D–6E). CD44/F-
actin immunofluorescence staining further validated the 
superior recruitment performance of this formulation: 
adherent BMSCs exhibited a canonical spindle-shaped 
morphology and achieved the largest cell spreading area 
among all experimental groups (Figure 6F).140 In recent 
years, articular cartilage progenitor cells (ACPs), as a novel 
cartilage-specific seed cell type, have demonstrated 
significantly greater chondrogenic potential than mature 
chondrocytes and MSCs. In 2026, Karam et al.141 
demonstrated that ACPs isolated from the superficial zone 
of goat articular cartilage through differential fibronectin 
adhesion methods exhibited characteristic spindle-shaped 
morphology and markedly enhanced chondrogenic 
differentiation capability compared with donor-matched 
mature chondrocytes. During a three-week pellet culture 
period, ACPs secreted 1.5-fold higher levels of sulfated 
glycosaminoglycans and twofold greater total collagen 
content than mature chondrocytes, while also showing 
stronger type II collagen staining. Importantly, no type X 
collagen expression or calcium deposition was detected 
throughout the culture process. ACPs could therefore 
stably preserve the hyaline cartilage phenotype while 
avoiding the hypertrophic calcification commonly 
observed in MSCs, suggesting that these cells may represent 
an ideal cellular source for constructing functional cartilage 
organoids.141 A key strategy for cellular system construction 
involves region-specific functional modification of bioinks. 
Specifically, different regions corresponding to the cartilage 
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Figure 6. Synergistic chemotactic recruitment of BMSCs by i-PRF and Lap-reinforced composite bioinks. (A) Schematic diagram illustrating the in vitro 
directional recruitment and chemotaxis experiment of BMSCs. (B) Transwell cell migration assay. The i-PRF-AGM@Lap group was identified as the 
optimal experimental condition. Growth factors released from i-PRF together with bioactive ions (Mg2+ and Si4+) derived from Lap exhibited synergistic 
recruitment effects, and their combined action maximally promoted the directed chemotaxis and migration of BMSCs. (C) The y-axis represents the 
number of BMSCs migrating through the porous Transwell membrane, whereas the x-axis indicates the experimental groups. The i-PRF-AGM@Lap group 
demonstrated the highest level of BMSC migration. (D) Scratch wound-healing assay. In the i-PRF-AGM group, growth factors released from i-PRF within 
the scaffold, including vascular endothelial growth factor, platelet-derived growth factor, and transforming growth factor-β, significantly enhanced BMSC 
migration, crawling, and wound closure, indicating that these growth factors function as the principal active components driving stem cell migration. In 
the optimized i-PRF-AGM@Lap composite group, synergistic interactions between i-PRF-derived growth factors and Lap-derived bioactive ions (Mg2+ and 
Si4+) maximally enhanced BMSC migration, crawling behavior, and wound-healing capability. (E) The y-axis represents the number of BMSCs migrating 
into the scratched blank region within each microscopic field, while the x-axis represents the experimental groups. The i-PRF-AGM@Lap group exhibited 
significantly higher numbers of migrated cells than the i-PRF-AGM group, reaching peak migration levels. (F) CD44/F-actin immunofluorescence staining 
demonstrated that the i-PRF-AGM@Lap group exhibited the strongest BMSC recruitment capability. The adherent cells displayed a typical spindle-shaped 
morphology and the largest spreading area. Scale bar: 50 μm. Reprinted with permission from Cao et al.140 Abbreviations: AGM: Alginate methacryloyl/
GelMA–methylcellulose; BMSCs: Bone marrow mesenchymal stem cells; i-PRF: Platelet-rich fibrin; Lap: Laponite.

and bone layers of native osteochondral tissues are loaded 
with lineage-specific inductive cytokines within the same 
printed construct. The cartilage region is enriched with 
chondrogenic differentiation-inducing factors represented 
by TGF-β3, whereas the bone region contains osteogenic 
differentiation-inducing factors centered on bone 
morphogenetic protein-2. This strategy enables spatially 
controlled lineage-specific differentiation of MSCs within 
a single printing platform, thereby accurately reproducing 

the hierarchical spatial distribution pattern of native 
osteochondral tissues in vitro.142 In in vivo animal studies 
conducted by Chen et al.143, chondrogenic organoids 
differentiated from BMSCs were blended with GelMA 
hydrogel and implanted into surgically created 
osteochondral defects. Gross morphological observation 
revealed full defect regeneration in groups receiving 
organoid-laden GelMA constructs. The regenerated tissue 
formed smooth superficial cartilage that fused seamlessly 
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with adjacent native cartilage, accompanied by abundant, 
uniformly thickened trabecular bone exhibiting robust 
integration with host osseous tissue (Figure 7A). 
Quantitative metrics including International Cartilage 
Repair Society (ICRS) scores, trabecular thickness, and 
bone volume fraction all reached markedly elevated levels 
relative to blank control cohorts (Figure 7B). Histological 
staining further confirmed complete recapitulation of tri-
layered osteochondral architecture within treatment 
groups, consisting of superficial cartilage, intermediate 
transitional zones, and subchondral bone, with tight 
bonding to peripheral host tissue (Figure 7C).143 At present, 
3D bioprinting technology has been successfully applied 
for the fabrication of integrated osteochondral organoids 
with layered architectures. During long-term in vitro 
culture, these organoids can achieve synchronized 
maturation of both cartilage and bone layers. 
Complementary in vitro co-culture assays further 
demonstrated that stratified scaffolds seeded with dense 
cell populations could boost extracellular matrix deposition 
within osteochondral co-culture systems. Enzyme-linked 
immunosorbent assay quantification illustrated elevated 
secretion of collagen type I and aggrecan in co-culture 
batches compared with single-cell-type monocultures; 
samples loaded at higher cell densities yielded even greater 
production of these matrix biomolecules (Figure 7D). 
These quantitative readouts substantiate that graded cell 
density layouts exert stimulatory effects on synchronized 
maturation of engineered osteochondral organoids.144 In 
the future, combining pure-cell bioprinting with physical 
boundary regulation strategies may enable the fabrication 
of fully biomimetic osteochondral organoids possessing 
both osteochondral interfacial gradients and the internal 
collagen arcade architecture of cartilage, thereby 
substantially improving their in vivo repair efficacy and 
long-term stability.

4.4. Tumor organoids

Tumor organoids can accurately recapitulate the genomic 
features, intratumoral heterogeneity, and clinically relevant 
drug-response phenotypes of primary tumors, making 
them a central platform in precision oncology research. 
They have shown irreplaceable value in several important 
research fields, including tumor pathogenesis analysis, 
personalized anticancer drug screening, and in vitro 
modeling of the tumor immune microenvironment.145 The 
integration of bioprinting technology further enables the 
precise and controllable fabrication of tumor organoids 
with spatial heterogeneity and highly biomimetic 
tumor microenvironments. The major advantage of this 
technology lies in its ability to precisely regulate the spatial 
distribution of tumor cells, stromal cells, immune cells, 

and vascular endothelial cells, thereby reconstructing the 
pathological architecture, stromal mechanical stiffness, 
and nutrient gradients of tumor tissues in vitro. Thus, it 
allows accurate simulation of the complete biological 
processes involved in local tumor invasion and distant 
metastasis.146 In bioprinted tumor organoid systems, the 
core cellular strategy is based on multicellular co-culture 
models. These systems usually include patient-derived 
cancer cells, cancer-associated fibroblasts, tumor-
associated macrophages, vascular endothelial cells, 
and various functional immune cells. Such co-culture 
systems can closely reproduce the cellular heterogeneity 
of primary tumors in a 3D in vitro environment while 
reconstructing the composition and functional features 
of the tumor immune microenvironment. Among these 
components, patient-derived cancer cells serve as the 
central functional component of the co-culture system, 
maintaining the genomic mutation patterns and clinical 
drug-response phenotypes of primary tumor tissues. 
Therefore, bioprinted tumor organoids constructed using 
these multicellular systems provide highly reliable in 
vitro models for personalized anticancer drug screening 
in clinical oncology patients (Figure 8D).106 In the 3D 
bioprinting of tumor organoids, bioinks serve as the 
core matrices for cell support and microenvironment 
construction, and the selection and regulation of 
bioink materials directly influence organoid fabrication 
outcomes. For example, hepatocellular carcinoma 
tissues are characterized by loose stromal organization 
and naturally low mechanical stiffness; therefore, liver 
tumor organoids are generally printed using low-stiffness 
Matrigel-collagen composite hydrogels. By contrast, 
pancreatic cancer is characterized by dense stromal tissues 
and high mechanical stiffness, and its organoid printing 
systems commonly use high-stiffness fibrin-hyaluronic 
acid composite hydrogels to better mimic the native tumor 
microenvironment.107 Compared with conventional 2D 
cell culture systems, 3D-bioprinted glioma organoids show 
drug-resistance phenotypes that more closely resemble 
those of clinical primary tumors. Their resistance profiles 
are therefore more clinically relevant, allowing them to 
function as physiologically relevant and predictive in vitro 
models for anticancer drug screening and therapeutic 
efficacy prediction.54 Moreover, research groups have used 
multimaterial layered bioprinting technologies to fabricate 
biomimetic tumor organoids containing 3D tumor-stroma-
vascular interfaces. These in vitro models can accurately 
reproduce the pathophysiological processes of tumor 
angiogenesis and distant metastasis, thereby providing 
new experimental platforms for systematic studies of 
tumor metastasis mechanisms.108 For clinical applications, 
bioprinted patient-derived tumor organoids have already 

https://doi.org/10.36922/IJB026210209


Bioprinting for organoid construction

Volume 12 Issue 4 (2026)	 21� doi: 10.36922/IJB026210209

International Journal of BioprintingInternational Journal of Bioprinting

Figure 7. In vivo osteochondral defect repair efficacy of cartilage organoid-laden gelatin methacryloyl (GelMA) constructs and in vitro co-culture matrix 
secretion performance. (A) Organoid/GelMA group: the defect region was completely filled, and the regenerated surface was smooth and seamlessly 
integrated with the surrounding cartilage tissue. A large number of newly formed trabeculae with relatively uniform thickness were observed, exhibiting 
excellent integration with host bone tissue. (B) The International Cartilage Repair Society (ICRS) scores, trabecular thickness, and bone volume fraction 
in the organoid/GelMA group were all significantly greater than those in the control group (p < 0.01 to p <0.0001). (C) Organoid/GelMA group: the 
three-layered structure consisting of the cartilage layer, transitional layer, and subchondral bone layer remained intact and was well integrated with the 
surrounding tissues. Control group: severe structural defects were clearly observed. Scale bar: 500 μm/200 μm. Reprinted with permission from Chen et 
al.143 Copyright © 2025, The Author(s). (D) Enzyme-linked immunosorbent assay analysis of supernatants showing the concentrations of (a) human type I 
collagen and (b) aggrecan, comparing monoculture and co-culture groups with high and low cell densities. Reprinted with permission from Bowes et al.144 
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been used for rapid clinical anticancer drug screening, 
providing important guidance for designing personalized 
treatment strategies for cancer patients. Under perfusion 
culture conditions, Mao and coworkers established a 3D 
co-culture model integrating SK-N-AS neuroblastoma 
cells and HUVECs. Nascent peritumoral microvessels 
emerged as early as day 10 of cultivation, with progressive 
maturation of the microvascular network evident by day 
21 (Figure 8A). By day 14, angiogenic sprouting from 
endothelialized primary vascular conduits was evident, 
as neovessels extended into the surrounding matrix, 
crossed the vascular barrier, and projected toward the 
tumor compartment (Figure 8B). By the end of the 21-day 
culture period, tumor aggregates proximal to the primary 
vascular channels had formed protrusive intercellular 
junctions with the vascular lumen, and the fully arborized 
microvascular network had completely ensheathed the 
tumor spheroids (Figure 8C). This biomimetic platform 
faithfully recapitulates core pathophysiological processes 
underlying tumor angiogenesis and distant metastasis, 
offering a robust experimental framework for systematic 
interrogation of tumor metastatic mechanisms.109,147 

4.5 Kidney organoids

The kidney is a highly heterogeneous parenchymal 
organ with multistage filtration and tubular processing. 
The nephron serves as its fundamental functional unit 
and comprises intricate anatomical structures such as 
glomeruli and renal tubules. Consequently, the kidney has 
long been a major research target in tissue engineering and 
bioprinting. Current studies have achieved preliminary 
spatial organization of multiple cellular components and 
partial recapitulation of renal physiological functions. 
For example, extrusion-based bioprinting has been used 
to combine renal epithelial cells with hydrogel scaffolds 
to construct biomimetic renal tubular models with 
tubular topologies, partially reproducing transmembrane 
transport functions.148 Using microfluidic coaxial 
bioprinting, metanephric mesenchymal cells and ureteric 
bud progenitor cells derived from human iPSCs can be 
encapsulated within core-shell fibers. Cell viability exceeds 
90% at 24 h after printing, and the differentiated constructs 
exhibit appropriate drug-response capabilities.149 At the 
bioink level, a photocrosslinkable bioink derived from 
porcine kidney decellularized extracellular matrix is 
compatible with both extrusion-based printing and DLP 
technologies, demonstrating markedly superior structural 
fidelity and renal microenvironment mimicry compared 
with conventional GelMA bioinks. In addition, stiffness-
tunable self-assembling peptide hydrogel scaffolds can 
upregulate the expression of podocyte maturation markers 
through mechanotransduction pathways while reducing 

nonspecific cellular differentiation, thereby promoting 
the functional maturation of kidney organoids.150 From 
the perspective of technological requirements, bioprinting 
of kidney organoids imposes several distinctive demands 
on both fabrication processes and material systems. First, 
high-resolution fabrication and the ability to construct 
complex tubular architectures are essential. Renal tubules 
have diameters of only several tens of micrometers, while 
the glomerular capillary network is even more intricate, 
requiring printing resolutions on the order of 50 μm 
together with the capability to fabricate continuously 
curved hollow structures. Although DLP-based 
photopolymerization printing offers superior fabrication 
precision, challenges remain in overcoming the reduction 
in printing accuracy caused by light scattering in high-cell-
density systems. Second, the construction of hierarchical 
vascular networks is critical. As a highly perfused organ, 
the kidney requires the simultaneous fabrication of 
multiscale vascular structures ranging from large vessel 
branches and interlobular vessels to glomerular capillary 
networks. The predominant approach currently involves 
creating hollow channels using sacrificial materials, 
followed by endothelialization through endothelial cell 
seeding. Third, precise spatial positioning of multiple 
cell populations is required. Podocytes, renal tubular 
epithelial cells, vascular endothelial cells, mesangial cells, 
and other functional cell types must be accurately arranged 
during printing. The precision of cell placement directly 
influences the efficiency of nephron formation and the 
structural integrity of the resulting constructs. Finally, 
bioinks must provide a kidney-specific microenvironment. 
Generic hydrogel materials cannot fully recapitulate the 
biochemical signals necessary for kidney development and 
maturation. Consequently, organ-specific decellularized 
extracellular matrix-based bioinks have emerged as a 
major development trend, with the principal challenge 
being the optimization of printability while preserving 
biological activity.151 

4.6. Brain organoids

Brain organoid bioprinting aims to construct functional 
neural networks and recapitulate cortical laminar structures, 
with particular emphasis on neural microenvironment 
regulation and neural circuit reconstruction. Functional 
neural tissues exhibiting electrophysiological activity have 
already been generated. Through horizontal layer-by-layer 
printing, PSC-derived neurons encapsulated within low-
stiffness bioinks can form both intra-layer and inter-layer 
synaptic connections, establishing neural networks capable 
of neurotransmitter transmission. Furthermore, six-
layer GelMA constructs containing cortical neurons use 
built-in perfusable channels to maintain mass transport 
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Figure 8. 3D-bioprinted perfusable vascularized tumor model and multicellular co-culture strategy for tumor microenvironment reconstruction. (A) 3D 
co-culture model of SK-N-AS neuroblastoma cells and HUVECs under perfusion culture conditions. On day 10 (i–iii), microvessel formation around 
tumor aggregates (> 500 μm) was observed, whereas by day 21 (iv–vii), the microvascular network had further matured. Scale bar: 200 μm/20 μm. (B) 
Under perfusion culture on day 14, endothelialized primary vascular channels generated neovessel sprouts into the surrounding GelMA matrix (tumor 
niche matrix), crossing the vascular barrier and extending toward the tumor region. Scale bar: 200 μm. (C) On day 21, SK-N-AS tumor aggregates 
located near the primary vascular channels formed connections with the vascular lumen through protrusive structures, while the microvascular network 
completely enclosed the tumor spheroids. Scale bar: 200 μm/50 μm. Reprinted with permission from Maggiotto et al.108 (D) Illustration of the multicellular 
co-culture strategy at the cellular construction level, showing the correspondence between key cellular components of the pancreatic ductal adenocarcinoma 
(PDAC) tumor microenvironment and their related 3D bioprinting technologies: tumor cells → spatial compartmentalized co-culture printing; CAFs → 
co-printing with ECM-mimicking bioinks such as GelMA/HAMA; TAMs and immune cells → tri-culture systems; vasculature → printing of perfusable 
microchannels using sacrificial bioinks. Reprinted with permission from Vaskovich-Koubi et al.106 Copyright © 2025, The Author(s). Abbreviations: CAF: 
Cancer-associated fibroblast; ECM: Extracellular matrix; EMT: Epithelial–mesenchymal transition; GelMA: Gelatin methacryloyl; HA: Hyaluronic acid; 
HA-MA: Methacrylated hyaluronic acid; HUVEC: Human umbilical vein endothelial cell; TAM: Tumor-associated macrophage.
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and have been applied in studies of neural development 
and central nervous system drug screening.36,152 At the 
level of developmental regulation, 3D-printed scaffolds 
can modulate the growth patterns, cellular regionalization, 
and vascular co-culture of brain organoids through 
modulus matching and spatial confinement. Soft matrices 
with mechanical properties comparable to those of the 
developing human brain promote cortical organoid 
lamination and normalization of gene expression 
profiles. Moreover, multimaterial bioprinting enables 
the fabrication of layered blood-brain barrier models 
incorporating endothelial cells, pericytes, and astrocytes, 
overcoming the limitations of conventional Transwell 
models that lack 3D architecture and providing a platform 
suitable for drug permeability evaluation. The biological 
characteristics of brain organoids impose requirements 
distinct from those of other solid organs. First, low-
shear-force printing processes are essential. Neurons are 
highly sensitive to mechanical shear stress, and excessive 
shear during extrusion may cause axonal damage and cell 
death. Therefore, low-shear technologies such as inkjet 
bioprinting, LAB, and microfluidic coaxial bioprinting are 
preferred, often in combination with bioinks exhibiting 
excellent shear-thinning properties. Second, ultra-soft 
matrix compatibility is required. Brain tissue possesses 
an elastic modulus of only 0.1–1 kPa, substantially lower 
than that of most solid organs, necessitating bioinks with 
extremely low post-crosslinking stiffness. Conventional 
GelMA typically must be used at concentrations below 
5%, or alternatively replaced by neural tissue-derived 
decellularized extracellular matrix bioinks. Excessive 
matrix stiffness markedly inhibits neurite extension and 
neural network formation. Third, spatial organization 
and guidance of neural pathways are crucial. Printing 
trajectories must be designed to direct neuronal alignment 
and axonal growth, thereby establishing neural circuits with 
defined connectivity patterns rather than random cellular 
aggregates. Fourth, optimization of interlayer integration 
is necessary. Conventional vertical layer-by-layer printing 
often disrupts interlayer connectivity, whereas horizontal 
stacking and embedded suspension printing are more 
conducive to neurite extension across layers and the 
formation of continuous 3D neural networks.153

4.7. Cardiac organoids

Cardiac organoid bioprinting aims to generate myocardial 
tissues capable of synchronized contraction, electrical 
coupling, and vascularized survival, making it one of 
the most functionally advanced directions in organoid 
research. In the construction of functional tissues, bioinks 
with cell densities reaching 109 cells/mL, combined with 
low-pressure, low-speed extrusion and electrical pulse 

stimulation, have been used to fabricate spontaneously 
beating cardiac organoids with diameters of 1–2 mm. 
These constructs exhibit resting beating rates of 60–80 
beats per minute, contractile forces corresponding to 30%–
42% of those of native myocardium, and in vitro survival 
rates exceeding 90%.154 For the fabrication of complex 
structures, progressive suspension bioprinting exploits the 
dual characteristics of microgel-based biphasic bioinks to 
produce ventricular models containing intricate perfusable 
vascular networks while maintaining both external 
geometric accuracy and internal vascular complexity. By 
integrating computationally designed vascular networks 
containing millions of branches with sacrificial-material 
strategies, vascularized cardiac tissues with centimeter-
scale thickness can be generated, achieving deep-cell 
survival rates of up to 90%.155 In terms of fabrication 
strategy, development-inspired in situ differentiation 
approaches directly print undifferentiated PSCs and 
subsequently induce mesodermal and cardiomyocyte 
differentiation through temporally controlled modulation 
of the Wnt signaling pathway. This enables cardiomyocytes 
and fibroblasts to originate from a common progenitor 
cell pool, more closely resembling natural embryonic 
cardiac development.154 The functional characteristics of 
cardiac organoids impose several specific requirements on 
bioprinting technologies and biomaterial systems. First, 
the ability to achieve directional cellular organization 
and anisotropic tissue construction is essential. Native 
myocardium exhibits a highly ordered helical architecture 
that directly determines contractile efficiency. Therefore, 
strategies such as aligned extrusion, electric- or magnetic-
field-assisted printing, and microstructure-guided 
patterning are required to direct cardiomyocyte alignment 
and generate anisotropic myocardial fiber architectures. 
Second, conditions supporting electrical coupling 
and synchronized contraction must be established. 
Cardiomyocytes rely on gap junction proteins, particularly 
connexin-43, for synchronized electrical signal 
propagation. Functional electrical coupling networks 
require intercellular distances below 20 μm and high cell-
density organization; low-density printing generally fails 
to establish effective electromechanical integration. Third, 
dynamic matching of mechanical properties is required. 
Because myocardial tissue experiences continuous 
mechanical loading, bioinks should possess elastic moduli 
in the range of 10–50 kPa together with excellent fatigue 
resistance, providing structural support without restricting 
myocardial contraction. Abnormal matrix stiffness can 
significantly impair cardiomyocyte maturation. Fourth, 
the survival of thick tissues depends on effective perfusion. 
Due to the high metabolic demand of cardiac tissue, thick 
constructs are prone to central necrosis. Consequently, 
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perfusable vascular networks with intervascular spacing 
not exceeding 200 μm (the oxygen diffusion limit) must 
be established, placing stringent requirements on internal 

channel design and sacrificial-material fabrication 
strategies (Table 5).156

Table 5. Bioprinting adaptation requirements and translational challenges for different organoid types

Organoid type
Recommended 

printing cell 
density

Shear damage 
tolerance 

characteristics

Printable material 
compatibility

Vascularization 
requirements and 
implementation 

difficulty

Clinical 
translation 
challenges

References

Liver organoids

1 × 107–5 × 
107 cells/mL. 
Multicellular 
zonal co-printing 
of hepatocytes, 
hepatic 
stellate cells, 
cholangiocytes, 
and vascular 
endothelial cells 
is employed 
to recapitulate 
the functional 
zonation of hepatic 
lobules.

Moderate tolerance. 
Primary stem 
cells and induced 
pluripotent stem 
cell-derived 
hepatic progenitor 
cells are sensitive 
to shear stress. 
Excessive shear 
significantly reduces 
albumin secretion 
and CYP450 
metabolic activity, 
thereby impairing 
functional 
maturation.

Broad compatibility based 
primarily on natural soft 
hydrogels. Common 
systems include collagen, 
Matrigel, alginate, and 
hyaluronic acid. These 
materials are compatible 
with inkjet, extrusion-
based, and photocuring 
printing technologies and 
support the fabrication of 
biomimetic hepatic lobule 
structures.

Very high demand; 
very high difficulty. 
Simultaneous 
construction of 
portal tract–central 
vein vascular trunks 
and sinusoidal 
microvascular 
networks is required 
to overcome the 200 
μm oxygen diffusion 
limit, which 
remains the primary 
bottleneck for long-
term culture of large 
organoids.

Difficulty in 
maintaining 
long-term 
hepatic function 
in vitro; 
insufficient 
standardization 
of hepatic 
lobule polarity; 
challenges in 
constructing 
integrated 
vascular–biliary 
systems; 
batch-to-batch 
consistency 
remains 
inadequate for 
clinical quality 
control.

23,157-159

Intestinal 
organoids

5 × 106–2 × 
107 cells/mL. 
Epithelial cells, 
stromal fibroblasts, 
and vascular 
endothelial cells 
are arranged in a 
layered manner, 
with a relatively 
high cell density in 
the mucosal layer 
to ensure barrier 
integrity.

Relatively low 
tolerance. Intestinal 
epithelial cells 
are sensitive 
to shear stress. 
Excessive shear 
can disrupt tight 
junctions, decrease 
transepithelial 
electrical resistance, 
and compromise 
epithelial barrier 
function.

Primarily natural 
hydrogels with gradient-
modulus designs. 
Collagen-, Matrigel-, 
and alginate-based 
systems are commonly 
used. Soft inner matrices 
support epithelial 
polarization, whereas 
mechanically reinforced 
outer matrices maintain 
tubular morphology and 
are suitable for coaxial 
extrusion printing.

Relatively high 
demand; relatively 
high difficulty. 
Submucosal 
microvascular 
networks are 
required to support 
epithelial nutrition 
and mass transport. 
Although less 
complex than 
hepatic vascular 
systems, they must 
conform to tubular 
topology and crypt–
villus architecture.

Long-term 
maintenance 
of crypt–villus 
topology remains 
challenging; 
microbiota–host 
co-culture 
systems lack 
stability; 
physiological 
simulation 
of intestinal 
peristalsis is 
absent; in vivo 
integration 
following 
transplantation 
requires further 
validation.

135,160-163

(Cont’d...)
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Table 5. (Continued)

Organoid type
Recommended 

printing cell 
density

Shear damage 
tolerance 

characteristics

Printable material 
compatibility

Vascularization 
requirements and 
implementation 

difficulty

Clinical translation 
challenges

References

Osteochondral 
organoids

Cartilage layer: 
1 × 107–3 × 107 
cells/mL; Bone 
layer: 5 × 106–1 
× 107 cells/
mL. A gradient 
density design is 
adopted, with a 
high cell density 
in the cartilage 
layer to promote 
extracellular 
matrix secretion 
and reserved 
mineralization 
space in the bone 
layer.

High tolerance. 
Mesenchymal stem 
cells and mature 
chondrocytes 
exhibit significantly 
greater shear 
resistance than 
epithelial cells and 
are compatible with 
extrusion-based 
printing of high-
viscosity materials.

The broadest 
compatibility, covering 
materials from soft 
hydrogels to rigid 
scaffolds. The cartilage 
layer typically employs 
gelatin methacryloyl 
(GelMA), hyaluronic 
acid, and collagen 
hydrogels, whereas 
the bone layer utilizes 
polyester–ceramic 
composite systems such 
as  polycaprolactone/
polylactic acid 
combined with 
hydroxyapatite, 
enabling integrated 
gradient printing.

Gradient-dependent 
requirement; 
moderate difficulty. 
The cartilage layer 
should maintain 
an avascular 
microenvironment 
to prevent 
pathological 
calcification, 
whereas the 
subchondral 
bone layer 
requires efficient 
vascularization. 
Precise regulation of 
vascular gradients 
at the interface 
remains the key 
challenge.

Insufficient 
osteochondral 
interface integration; 
regenerated hyaline 
cartilage exhibits 
inferior mechanical 
strength compared 
with native tissue; 
long-term stability 
in load-bearing sites 
lacks large-scale 
clinical evidence; 
immunogenicity 
control remains 
challenging.

164-166

Tumor 
organoids

1 × 106–1 × 107 
cells/mL. The 
composition varies 
substantially 
among tumor 
types and 
generally includes 
spatially organized 
tumor cells, 
cancer-associated 
fibroblasts, 
immune cells, and 
endothelial cells.

High tolerance. 
Tumor cells possess 
strong stress 
resistance and 
exhibit substantially 
greater tolerance 
to shear stress than 
normal functional 
cells, making them 
compatible with 
various printing 
technologies.

Extremely broad 
compatibility with 
tunable matrix 
stiffness. Soft systems 
(collagen–Matrigel) 
are suitable for tumors 
with loose stroma, 
such as hepatocellular 
carcinoma, whereas 
stiffer systems (fibrin–
hyaluronic acid) better 
mimic desmoplastic 
tumors such as 
pancreatic cancer.

Moderately high 
demand; moderately 
high difficulty. 
The focus is on 
recapitulating tumor 
vascular barriers, 
angiogenesis, and 
invasion interfaces 
rather than merely 
providing nutrient 
supply, thereby 
supporting studies 
of drug penetration 
and tumor 
metastasis.

Low expansion 
efficiency of patient-
derived primary 
cells; difficulty 
in standardized 
recapitulation 
of intratumoral 
heterogeneity; 
incomplete 
reconstruction 
of the immune 
zmicroenvironment; 
predictive 
accuracy of drug-
response testing 
requires further 
improvement.

167-169

Kidney 
organoids

5 × 106–2 × 107 
cells/mL. Precise 
spatial positioning 
of podocytes, 
renal tubular 
epithelial cells, 
endothelial cells, 
and mesangial 
cells is required 
to recapitulate 
nephron 
architecture.

Extremely low 
tolerance. Podocytes 
and renal tubular 
epithelial cells are 
highly sensitive 
to shear stress. 
Excessive shear can 
disrupt cell polarity 
and impair the 
structural integrity 
of filtration units, 
necessitating 
low-shear printing 
techniques.

Relatively narrow 
compatibility, relying 
primarily on organ-
specific bioinks. 
Representative 
systems include 
photocrosslinkable 
kidney decellularized 
extracellular matrix 
bioinks, low-
concentration GelMA, 
and self-assembling 
peptide hydrogels, 
which are compatible 
with photocuring and 
microfluidic printing 
technologies.

Very high demand; 
very high difficulty. 
Glomerular 
capillary loops 
and peritubular 
vascular networks 
must be constructed 
simultaneously. The 
precision required 
at the vascular–
parenchymal 
interface is among 
the highest of all 
organoid types.

Generation of 
fully functional 
nephrons remains 
difficult; filtration 
and reabsorption 
functions are 
insufficiently mature; 
vascular network 
precision remains 
below physiological 
levels; functional 
integration after 
transplantation is 
limited.

150,170-172

(Cont’d...)
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Table 5. (Continued)

Organoid 
type

Recommended 
printing cell 

density

Shear damage 
tolerance 

characteristics

Printable material 
compatibility

Vascularization 
requirements and 
implementation 

difficulty

Clinical translation 
challenges

References

Brain 
organoids

1 × 107–3 × 107 
cells/mL. Layered 
arrangement 
of neurons, 
astrocytes, and 
endothelial cells is 
required to mimic 
the ultra-soft 
microenvironment 
of brain tissue.

Extremely low 
tolerance. Neuronal 
axons are highly 
sensitive to shear 
stress. Shear 
generated during 
extrusion can induce 
apoptosis, axonal 
rupture, and neural 
circuit disruption. 
Therefore, low-shear 
printing technologies 
are preferred.

The narrowest 
compatibility, 
restricted to ultra-soft 
matrices. Common 
materials include low-
concentration GelMA 
(<5%), neural tissue-
derived decellularized 
extracellular matrix 
bioinks, and silk fibroin 
hydrogels, which are 
mainly compatible 
with inkjet, laser-
assisted, and low-shear 
extrusion bioprinting.

High demand; high 
difficulty. Blood–
brain barrier models 
and microvascular 
networks must 
be established 
simultaneously to 
support deep-
neuron survival 
while preserving the 
three-dimensional 
continuity of neural 
circuits.

Neural circuits 
exhibit limited 
functional 
maturation; 
controllability of 
cortical lamination 
remains poor; 
blood–brain barrier 
functionality 
is incomplete; 
electrophysiological 
properties differ 
substantially from 
those of native brain 
tissue.

173-175

Cardiac 
organoids

5 × 107–1 × 10⁸ 
cells/mL. The 
highest among all 
organoid types; 
high-density 
cardiomyocyte 
organization 
is essential 
for achieving 
intercellular 
electrical coupling 
and synchronized 
global contraction.

Relatively low 
tolerance. 
Cardiomyocytes 
are sensitive 
to shear stress. 
Excessive shear can 
disrupt sarcomere 
organization, 
reduce connexin-43 
expression, and 
impair electrical 
coupling and 
synchronized 
contraction.

Moderate compatibility 
requiring strict 
matching of myocardial 
mechanical properties. 
Typical systems include 
GelMA-, collagen-, 
and alginate-based 
composites. The 
elastic modulus 
should be maintained 
within 10–50 kPa 
and is compatible 
with extrusion and 
suspension printing 
technologies.

Very high demand; 
very high difficulty. 
Due to the high 
metabolic demand 
of myocardial tissue, 
dense perfusable 
vascular networks 
with intervascular 
spacing below 200 
μm are required. 
Central necrosis 
readily develops in 
centimeter-scale 
tissues, representing 
a major technical 
challenge.

Achieving mature 
synchronized global 
contraction remains 
challenging; tissue-
wide electrical 
coupling is difficult 
to establish; long-
term survival of 
vascularized thick 
tissues is limited; 
controllability of 
electrophysiological 
integration risks 
after transplantation 
remains insufficient.

176-179

5. Technical challenges and solutions
5.1. Balancing resolution and complex structural 
fabrication

A fundamental trade-off persists across all bioprinting 
modalities: high resolution is often achieved at the 
expense of structural scale and material compatibility. 
Inkjet- and photopolymerization-based systems achieve 
micron- to submicron-level precision but exhibit poor 
compatibility with high-cell-density bioinks, making them 
unsuitable for fabricating large-volume 3D constructs. 
Extrusion-based bioprinting supports large-scale, multi-
material fabrication, but its resolution is constrained by 
nozzle diameter, typically limiting feature sizes to above 
100 μm. This prevents the accurate replication of in vivo 
microanatomical structures such as hepatic sinusoids, 

intestinal crypt–villus units, and aligned myocardial 
fibers.180 Furthermore, improvements in resolution often 
rely on rheological optimization of bioinks; however, 
non-physiological chemical modifications introduced 
to improve printability may compromise cell viability 
and biological function, creating a conflict between 
fabrication precision and cellular bioactivity.50 Three 
mainstream strategies have been developed to address 
this trade-off. First, hybrid printing systems integrate 
complementary technologies—for example, combining 
extrusion-based macro-scaffold prefabrication with 
in situ photopolymerization for microscale structural 
refinement—to achieve cross-scale integrated fabrication 
of organoid constructs.181 Second, rheologically optimized 
bioinks with shear-thinning and rapid self-solidification 
properties are engineered through nanomaterial doping, 
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dynamic covalent bonding, or supramolecular assembly. 
These formulations support high-resolution printing 
through fine nozzles while maintaining structural stability 
and biocompatibility after deposition.182 Third, AI-assisted 
printing path planning enables region-specific parameter 
optimization: functional microregions use high-resolution, 
low-speed modes, whereas structural support regions 
use larger filaments at higher speeds, thereby balancing 
precision, fabrication efficiency, and cell viability.51 

5.2. Cell viability and functional maintenance

Mechanical stress and environmental stimuli during 
printing universally impair cell viability, although the 
mechanisms of damage differ among printing modalities. 
Extrusion systems impose sustained shear stress through 
fine nozzles; inkjet systems generate droplet ejection 
impact forces and thermal bubble-induced temperature 
fluctuations; and photopolymerization systems present 
risks of photoinitiator cytotoxicity and light-induced 
photodamage. Across mainstream technologies, post-
printing cell viability typically ranges from 70% to 
90% and can decrease to below 50% in certain high-
resolution protocols.9 Beyond acute cell damage, 
multicellular co-printing presents additional challenges. 
Differences in culture requirements, proliferation rates, 
and differentiation timelines among various cell types 
make it difficult to support the simultaneous survival 
and functional maturation of all cell populations, thereby 
limiting the efficiency of complex organoid fabrication.183 

Three complementary strategies are widely adopted 
to overcome these challenges. First, cell-friendly system 
optimization incorporates constant temperature and 
humidity control together with full-process sterile modules 
into printing equipment, minimizing viability loss caused 
by environmental fluctuations and contamination.52 
Second, biomimetic bioink design incorporates cell-
adhesive peptides (e.g., RGD, YIGSR), lineage-specific 
inductive factors, and nutritional components to recreate 
native extracellular matrix microenvironments, thereby 
supporting cell adhesion, stemness maintenance, and 
directed functional maturation after printing.184 Third, 
dynamic perfusion culture systems integrating bioreactors 
or microfluidic chips provide continuous nutrient supply 
and waste removal while applying physiologically relevant 
mechanical stimuli (fluid shear stress and cyclic stretch) to 
promote functional maturation—for example, enhancing 
sarcomere organization in cardiac organoids and metabolic 
activity in liver organoids.185 

5.3. Construction of vascular networks and 
perfusion systems

The lack of hierarchical, perfusable microvascular networks 

remains the primary bottleneck limiting the fabrication 
of large-scale organoids. Native vasculature possesses a 
multilevel branching architecture with terminal capillaries 
measuring only 5–10 μm in diameter, which cannot yet be 
reliably reproduced using current printing technologies. As 
a result, oxygen and nutrient diffusion cannot adequately 
reach the core of constructs thicker than 200 μm, leading to 
irreversible ischemic necrosis and restricting the long-term 
culture of large-volume organoids.186 In addition, existing 
approaches are unable to fully recapitulate functional 
vascular-parenchymal interfaces, such as hepatic sinusoids 
and glomerular capillary loops, where specialized material 
exchange and paracrine signaling occur.187 

Three primary vascularization strategies have been 
established. First, sacrificial templating uses biodegradable 
materials printed into predefined vascular patterns, which 
are subsequently embedded within cell-laden hydrogels. 
Mild dissolution of the template creates hollow perfusable 
channels, which are then endothelialized to form functional 
vascular conduits.188 Second, coaxial bioprinting fabricates 
core-shell structures in a single step, in which the core forms 
perfusable channels while the shell contains endothelial 
and parenchymal cells, eliminating the need for secondary 
cell seeding and improving vascularization efficiency.189 
Third, cell self-assembly-based microvascularization 
co-encapsulates endothelial cells, smooth muscle cells, 
and pericytes in bioinks containing gradient angiogenic 
factors (VEGF and angiopoietin-1). The spontaneously 
formed capillary networks subsequently connect with 
printed large-diameter channels, generating hierarchical 
“macrovessel-microvessel” architectures that support the 
long-term culture of large organoids.190 

5.4. Cost and accessibility

High equipment and material costs remain the major 
barrier to clinical translation and large-scale adoption. 
High-end commercial bioprinters cost hundreds of 
thousands to millions of Chinese yuan, while GMP-
grade clinical systems may exceed tens of millions of 
Chinese yuan, placing them beyond the reach of most 
research and clinical institutions. Bioink raw materials—
including recombinant cytokines (e.g., R-spondin1 
and Noggin), clinical-grade matrices, and modified 
biomacromolecules—also increase the cost of each 
organoid to hundreds of Chinese yuan, thereby limiting 
high-throughput applications.191,192 In addition, the entire 
workflow depends on highly trained multidisciplinary 
personnel, and inadequate process standardization leads to 
poor reproducibility across laboratories, further hindering 
widespread implementation.193

Two complementary approaches are currently 
being pursued to improve accessibility. First, low-cost 
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biomaterial development focuses on using plant-derived 
recombinant proteins and defined universal composite 
bioinks to replace expensive animal-derived matrices and 
tissue-specific formulations, thereby reducing material 
costs while maintaining biological performance.194 
Second, equipment democratization promotes simplified 
desktop bioprinters equipped with integrated standardized 
protocols, together with localized manufacturing, to 
reduce dependence on specialized commercial suppliers 
and lower procurement costs.195 For clinical applications, 
regional centralized organoid manufacturing centers can 
enable intensive utilization of equipment and technical 
expertise, providing standardized drug screening services 
to surrounding medical institutions while reducing the 
per-unit cost.196 

6. Future prospects of bioprinting 
applications
6.1. Tissue and organ regeneration and repair

In response to the global shortage of donor organs and the 
increasing demand for regenerative therapies, bioprinting is 
expected to advance toward functional, minimally invasive, 
and scalable clinical translation.197 Near-term development 
will focus on off-the-shelf osteochondral integrated 
grafts and vascularized solid organ patches (liver and 
myocardium) with patient-matched immunocompatibility, 
addressing key limitations of traditional transplantation 
such as immune rejection and size mismatch. In the long 
term, disruptive technologies such as deep-tissue in vivo 
sono-printing may enable non-invasive in situ fabrication 
directly within lesion sites, shifting the paradigm from 
“ex vivo fabrication + surgical implantation” to “in vivo 
on-demand manufacturing” while minimizing surgical 
trauma.198

6.2. Disease modeling and precision medicine

For oncology and rare disease research, bioprinting 
is expected to enable standardized, high-throughput 
manufacturing of patient-derived organoids that 
faithfully recapitulate tumor heterogeneity and rare 
disease pathologies, thereby overcoming the interspecies 
differences and sample limitations associated with 
traditional models.199 The integration of bioprinted 
patient-derived organoids with multi-organ-on-a-chip 
platforms will further support systematic investigations of 
disease progression and off-target effects while enabling 
personalized drug-response prediction. This advancement 
will promote the transition from empirical treatment 
to predictive precision medicine, providing tailored 
therapeutic strategies for patients with advanced cancer or 

rare genetic disorders.

6.3. Drug development and toxicological evaluation

Bioprinted human organoid models are expected to 
gradually replace animal testing as the primary platform 
for preclinical efficacy and toxicity evaluation, addressing 
the long-standing challenges of lengthy research and 
development (R&D) cycles, high costs, and low clinical 
translation rates. Standardized large-scale production of 
multi-organ-on-a-chip systems will enable comprehensive 
simulation of drug absorption, distribution, metabolism, 
and excretion processes in the human body. Combined 
with high-throughput screening workflows, this approach 
will substantially shorten drug development timelines, 
reduce R&D costs, and better align with the 3Rs 
(replacement, reduction, refinement) principle for more 
efficient, accurate, and ethical drug discovery.200 

6.4. Innovation and development of bioinks

Bioink innovation will shift from basic printability 
optimization toward clinically compliant, functionally 
integrated next-generation materials, addressing the 
translational bottlenecks of animal-derived matrices. 
Xenogeneic-free bioinks will become a core development 
direction. Plant-derived composite systems (e.g., aloe vera-
based hydrogels with Lap and GelMA) eliminate animal 
pathogen risks and immune concerns while retaining 
excellent printability and osteoinductive activity, providing 
a xeno-free alternative for clinical-grade bone organoid 
fabrication (Figure 9G).201 In the field of neural tissue 
engineering, Yeh et al.202 developed a conductive SilMA/
pectin/MXene-soy phospholipid bioink (Figure 9A–9C). 
Soy phospholipid modification effectively resolved the 
aggregation problem of MXene, while the mechanical 
properties of the hydrogel closely resembled those of native 
spinal cord tissue. Under continuous electrical stimulation 
at 300 μA, the neuronal differentiation rate of encapsulated 
neural stem cells reached 87.57%, accompanied by 
significantly enhanced synaptic function, thereby 
providing a new strategy for spinal cord injury repair. In 
seafood biotechnology research, novel bioink systems 
have also been developed. These newly engineered bioinks 
demonstrated excellent printability and biocompatibility, 
enabling the successful fabrication of cell-fat composite 
squid-like cultured seafood prototypes. For the first time, 
fully plant/algae-derived materials were used to fabricate 
cultured seafood products possessing both high cell 
viability and authentic seafood flavor, thereby providing a 
new technological route for the precise manufacturing of 
sustainable cultured seafood (Figure 9D–9F).203 
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Figure 9. Design and application scenarios of three novel functional bioink systems for neural engineering, cultured seafood and bone regeneration. (A) 
Illustration of four core materials. (i) Silk fibroin (SF): natural protein scaffold. (ii) SilMA: methacrylate double bonds introduced into SF lysine residues 
through a ring-opening reaction with glycidyl methacrylate. (iii) Pectin: an anionic polysaccharide providing shear-thinning behavior. (iv) MXene-SP: 
MXene nanosheets coated with soy phospholipid (SP). (B–C) Immunofluorescence staining after daily electrical stimulation for 10 min over 5 consecutive 
days. The neuronal proportion increased progressively with increasing current intensity. In the 20S3P1MX-SP + 300 μA group, the neuronal proportion 
reached 87.57 ± 3.83%, whereas the astrocyte proportion was significantly decreased. Under identical current conditions, the MXene-SP group exhibited a 
markedly higher neuronal proportion than the MXene-free group. Scale bar: 100 μm. Reprinted with permission from Yeh et al.202 (D) Actual 3D-bioprinted 
hybrid construct. (E) Confocal live/dead staining image obtained after 15 days of culture. Scale bar: 150 µm. (F) Quantitative analysis of cell viability: the 
control group (κ-CAM only) exhibited 76.14% viability, the SFO40.6NO hybrid group showed 81.10%, and the SFOwaxO3.6NO hybrid group displayed 
77.87%, with no statistically significant differences observed among the three groups. Reprinted with permission from Marques et al.203 Copyright © 
2025, The Author(s). (G) A composite bioink consisting of aloe vera gel, GelMA, and Laponite nanoclay loaded with bone marrow mesenchymal stem 
cells (BMSCs) was used to fabricate biomimetic scaffolds through 3D bioprinting, followed by in vitro culture to generate functional bone organoids.201 
Reprinted with permission from Zhang et al.201 Copyright © 2026, Elsevier Inc.

6.5. Artificial intelligence-driven and intelligent 
bioprinting

6.5.1. Intelligent prediction and high-throughput 
screening of bioink formulations

Bioinks are the core carriers that determine the printing 
fidelity and cellular viability of bioprinted constructs. 
Their formulation development requires the simultaneous 
optimization of multiple parameters, including rheological 
properties, mechanical strength, degradation kinetics, 
and biocompatibility. Conventional trial-and-error 
approaches based on single-variable experimentation 
are constrained by parameter coupling effects and are 
characterized by long development cycles, high material 
consumption, and low optimization efficiency. To meet 
the need for multi-objective formulation optimization, 
small-sample learning algorithms such as Bayesian 
optimization and Gaussian process models can use 
existing experimental datasets to establish quantitative 
relationships among material composition, printing 
performance, and biological outcomes. Through a closed-
loop strategy of prediction, validation, and iteration, these 

approaches can rapidly identify optimal formulations that 
combine excellent printability with desirable biological 
functionality. Compared with conventional screening 
methods, the required experimental scale can be reduced 
by more than an order of magnitude, significantly lowering 
development costs and resource consumption. In the 
development of GelMA and methacrylated hyaluronic 
acid-based composite hydrogels, this approach enables 
the simultaneous optimization of key parameters such 
as viscosity, yield stress, swelling ratio, and crosslinking 
kinetics, thereby improving cell viability while maintaining 
structural fidelity. Its optimization efficiency has been 
shown to exceed that of traditional experimental design 
methods.204 When integrated with high-throughput droplet 
printing and microfluidic technologies, computationally 
assisted strategies enable automated screening of bioink-
cell combinations. By analyzing droplet morphology, 
cell distribution, and proliferation activity in real time, 
inefficient formulations can be automatically eliminated, 
substantially increasing the throughput of novel bioink 
development. Furthermore, simulations of material-
cell interactions can be used to predict the release 
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kinetics of bioactive factors and cellular differentiation 
trajectories, providing quantitative theoretical support 
for the development of functional bioinks designed for 
immunomodulation, directed differentiation, and related 
applications.205,206

6.5.2. Dynamic simulation of organoid 
morphogenesis and tissue development

Organoid formation is a dynamic process driven by 
both cellular self-organization and microenvironmental 
regulation, involving multiple biological events such as cell 
proliferation, migration, differentiation, and extracellular 
matrix remodeling. Conventional experimental 
approaches are often unable to accurately predict long-
term developmental trajectories and functional maturation 
outcomes and are limited by long experimental cycles, 
substantial inter-sample heterogeneity, and high resource 
consumption. Computational modeling strategies 
that integrate first-principles models with data-driven 
algorithms enable dynamic simulation of the entire process 
of organoid morphogenesis and tissue development, 
providing quantitative guidance for culture optimization 
and functional regulation.207 Currently, hybrid modeling 
that combines physical constraints with biological 
principles has become the dominant technological 
approach in this field. First-principles models are based 
on fundamental mechanical, chemical, and biological laws 
and are capable of elucidating underlying mechanisms 
such as cell-matrix interactions and signaling molecule 
diffusion. In contrast, data-driven models learn from 
experimental datasets to capture complex nonlinear 
developmental patterns. The complementary integration 
of these approaches significantly improves both predictive 
accuracy and interpretability. Artificial intelligence virtual 
organoids developed using this framework can simulate 
3D structural evolution, lineage differentiation, and 
functional maturation before in vitro experiments are 
conducted, thereby predicting developmental outcomes 
under different culture conditions. Such models can 
substantially reduce the number of experimental samples 
and animal studies required while also providing insights 
into developmental mechanisms that are difficult to 
observe using conventional experimental methods.208 At 
the application level, high-content imaging combined with 
automated analytical approaches enables the automatic 
identification and quantification of organoid morphology, 
biomarker expression, and cellular distribution, facilitating 
high-throughput and unbiased quality assessment. In tumor 
organoid-based drug screening, dynamic monitoring of 
organoid growth, apoptosis, and drug responses enables 
accurate discrimination between drug-sensitive and drug-
resistant phenotypes, thereby improving both screening 

throughput and predictive accuracy and providing 
technical support for personalized drug screening.209

6.5.3. Real-time quality control and closed-loop 
optimization of the bioprinting process

Process stability is a critical determinant of product 
consistency and clinical safety in bioprinting. However, 
existing quality-control strategies rely predominantly 
on post-process inspection, resulting in delayed defect 
detection and substantial waste of bioinks, cells, and 
experimental time. The integration of AI with computer 
vision and multimodal sensing technologies enables the 
establishment of a closed-loop quality-control framework 
consisting of real-time monitoring, intelligent defect 
recognition, and dynamic process regulation, thereby 
supporting in situ error correction and quality assurance 
during printing. In extrusion-based bioprinting, high-
resolution imaging systems can capture each printed layer 
in real time. AI models based on convolutional neural 
networks can automatically identify common printing 
defects, including under-extrusion, over-extrusion, 
filament breakage, bubble formation, layer misalignment, 
and nozzle clogging, with detection accuracies exceeding 
90%. Once abnormalities are detected, feedback-control 
mechanisms can automatically adjust parameters such as 
extrusion pressure, printing speed, and nozzle height to 
correct defects in situ without interrupting the printing 
process. This approach preserves structural fidelity while 
significantly reducing defect rates and material waste. 
For photocuring-based bioprinting, AI algorithms can 
compensate for cell-induced light scattering effects by 
optimizing mask grayscale distributions and exposure 
parameters, thereby mitigating precision loss caused by 
optical scattering. Simultaneously, ultraviolet exposure 
doses can be carefully regulated to maintain high cell 
viability while improving microstructural printing 
accuracy.51 Beyond process control, AI also enables 
predictive maintenance of bioprinting equipment. By 
analyzing time-series data related to vibration, temperature, 
and fluid pressure, AI systems can predict risks such as 
nozzle blockage and mechanical drift, allowing preventive 
intervention before failures occur. This reduces unplanned 
downtime and enhances the operational stability of 
large-scale manufacturing systems. Such comprehensive 
intelligent quality-control frameworks represent a key 
technological foundation for translating bioprinting 
from laboratory-scale research to industrial and clinical 
applications.210

6.5.4. Intelligent design of personalized tissue 
constructs and support for clinical translation

Computer-aided tissue construct design represents one of 
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the earliest and most technologically mature application 
areas in bioprinting. Based on patient-specific medical 
imaging data, such as computed tomography and magnetic 
resonance imaging, automated image-analysis algorithms 
can perform lesion segmentation and 3D reconstruction 
of normal tissues, generating personalized scaffold models 
that closely match patient anatomy. Combined with the 
mechanical and nutrient transport requirements of the 
target tissue, multi-objective optimization algorithms 
can automatically regulate scaffold porosity, pore-size 
distribution, and internal topological architecture, 
thereby enhancing cell infiltration and nutrient diffusion 
while maintaining sufficient mechanical strength.211 At 
the clinical translation level, computational simulation 
methods can support preoperative planning and prediction 
of implantation outcomes. By modeling the mechanical 
interactions between implants and host tissues, as well 
as the process of tissue integration, these approaches 
can predict regenerative outcomes and potential 
postoperative risks, providing quantitative guidance for 
surgical decision-making. Furthermore, by integrating 
multidimensional clinical information, including patient 
genotype, underlying diseases, and lifestyle factors, 
individualized implantation strategies can be developed. 
Such personalized approaches are expected to improve 
the precision and success rates of regenerative therapies, 
thereby advancing bioprinting toward the realization of 
precision medicine.212

7. Conclusion
Bioprinting has emerged as an enabling technology for 
the controlled fabrication of organoids, bridging advances 
in biomanufacturing and stem cell-derived organoid 
engineering. This review provides a comprehensive 
synthesis of recent progress in this interdisciplinary field, 
starting with a detailed characterization of four prevailing 
bioprinting modalities: inkjet-based, extrusion-based, 
photopolymerization-based, and laser-assisted bioprinting. 
For each modality, we outline its working principles, 
technical attributes, and representative commercial 
platforms and present a side-by-side comparison of 
core performance metrics, including spatial resolution, 
post-printing cell viability, and bioink compatibility. 
We further elaborate on the classification, biological 
functions, and formulation optimization strategies of 
bioink systems, organized around three core constituents: 
biomacromolecular matrices, cell populations, and 
bioactive factors. Building on this technical foundation, the 
review catalogs representative advances across seven major 
organoid systems—liver, intestinal, osteochondral, tumor, 
renal, cerebral, and cardiac organoids—and delineates 
the distinct technical requirements and principles for 

matching bioprinting modalities to each tissue context. We 
highlight four pervasive bottlenecks constraining further 
development: the fundamental trade-off between printing 
resolution and structural complexity, the preservation of 
cell viability and functional phenotypes, the construction 
of hierarchical perfusable vascular networks, and 
limitations in cost-effectiveness and scalability. Targeted 
mitigation strategies are discussed, including hybrid 
bioprinting configurations, biomimetic microenvironment 
engineering, and sacrificial templating approaches. Finally, 
we outline future research directions across five domains: 
tissue and organ regeneration, precision medicine 
platforms, preclinical drug and toxicity assessment, 
next-generation bioink innovation, and AI-driven 
biomanufacturing. This work addresses a gap in the 
existing literature, as previous reviews have largely focused 
on either bioprinting technologies or organoid fabrication 
methodologies in isolation. By establishing a clear 
framework for matching bioprinting modalities to organoid 
construction requirements, we define technology-selection 
criteria for diverse organoid applications and provide 
perspectives on emerging interdisciplinary areas such as 
AI-augmented biomanufacturing. Collectively, this review 
provides a conceptual reference and practical guidance 
for technological refinement, protocol optimization, and 
clinical translation in the field.
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