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Abstract

Organoids are three-dimensional multicellular models generated through the
intrinsic self-organization of stem cells and have emerged as powerful platforms for
disease modeling, drug screening, and precision medicine. However, most organoids
cultured in vitro lack a functional vascular interface, which restricts oxygen and
nutrient transport, leading to central hypoxia and necrosis and ultimately limiting
long-term maintenance, maturation, and translational applicability. To address this
bottleneck, a range of three-dimensional bioprinting and biofabrication strategies
have been developed to support vascularized organoid and organoid-inspired
models. Importantly, current technologies do not yet routinely permit the direct
fabrication of physiologically complete 1-10 pm capillary beds within organoids.
Instead, their major contributions lie in the generation of perfusable mesoscale
conduits, endothelialized hollow channels, multicellular architectures, microfluidic
perfusion platforms, and self-organizing microenvironments that, together, facilitate
vascular integration and maturation. In this review, we summarize the major
biofabrication approaches relevant to vascularized organoid models, emphasizing
their roles in vascular manufacturing, technical strengths, and limitations. We further
discuss material systems specifically relevant to organoid vascular fabrication,
including sacrificial materials, endothelialization-supportive matrices, mechanically
stable, perfusion-compatible supports, and organ-specific ECM-derived bioinks. In
addition, we analyze key vascularization-enabling strategies, such as endothelialized
template formation, multicellular bioprinting, dynamic perfusion, microfluidic
integration, and self-organization-assisted maturation. By comparing organ-specific
requirements across brain, tumor, cardiac, hepatic, renal, pulmonary, pancreatic, and
intestinal models, we further highlight how vascular scale, endothelial phenotype,
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structural hierarchy, and functional endpoints differ by application. Finally, we
discuss the major unresolved challenges, particularly the gap between printable
mesoscale channels and physiological capillary networks, the mismatch between
generic endothelial sources and organ-specific vascular phenotypes, and the lack of
standardized functional criteria for evaluating vascularization. Overall, future progress
should depend less on direct capillary-scale printing alone and more on integrating
biofabrication, perfusion engineering, and developmental self-organization to
achieve reproducible, functionally meaningful vascularized organoid models.

Keywords: Vascularized organoid models; Organoid-inspired models; Three-dimensional
bioprinting; Biofabrication; Endothelialization; Microfluidics; Extracellular matrix; Vascular

maturation

1. Introduction

In recent years, organoid technology has attracted
widespread attention as an innovative three-dimensional
(3D) cell culture system across multiple fields. Organoids
are stem cell-derived 3D microstructures that self-organize
under defined in vitro conditions and can partially
recapitulate the morphology, architecture, and functions of
native organs; therefore, they are often referred to as “mini-
organs.”' Organoid generation relies on diverse stem cell
sources, including embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), and adult tissue-resident
stem/progenitor cells. Owing to their pluripotency, ESCs
and iPSCs can differentiate into multiple lineages under
appropriate cues, enabling the formation of organoids
with complex tissue features. Notably, iPSCs—obtained
by reprogramming somatic cells from individual
donors—support the establishment of patient-specific
disease models, thereby providing a powerful platform
for personalized therapy and precision medicine. Adult
stem cells are widely used to generate tissue-specific
organoids (e.g., intestinal and hepatic organoids) and
often better preserve organotypic physiological functions
of the corresponding tissues.>® Key characteristics of
organoids include self-organization into 3D architectures,
tissue-specific ~ functional outputs, and cellular
compositional complexity. Beyond reproducing basic
physiological functions—such as xenobiotic metabolism
in liver organoids and nutrient absorption in intestinal
organoids—organoids can also capture multicellular
interactions among epithelial, stromal, and endothelial
compartments at the cellular level.® Since 2010, substantial
advances have been achieved in organoid derivation for
the intestine, liver, brain, and other organs, catalyzing
rapid growth of the field. A series of landmark studies
have been published in leading journals, such as Nature,
Science, and Cell, reflecting the progressive maturation of

organoid technologies. These developments have enabled
broad applications of organoids in drug screening, disease
modeling, developmental biology, and regenerative
medicine. Looking forward, organoids hold great promise
as platforms for constructing human-relevant surrogate
tissues. In particular, integration into multi-organ “human-
on-a-chip” systems may enable simulation of inter-organ
crosstalk, providing enhanced physiological relevance
for drug discovery, mechanistic studies of disease, and
individualized treatment evaluation.® With continued
methodological advances, organoid technologies are
expected to further propel precision medicine by facilitating
personalized therapeutic decision-making and expanding
their impact in translational and clinical settings.

Although organoid technologies have made substantial
progress, challenges remain in scalability and long-
term stability, with vascularization a particularly critical
bottleneck. First, vasculature supplies oxygen and nutrients
and removes metabolic waste, which is essential for tissue
viability. This requirement is especially pronounced
in metabolically demanding organs such as the liver,
kidney, and pancreas, where a vascular network supports
complex, energy-intensive metabolic processes. Second,
vascular endothelial cells actively shape the organoid
microenvironment through paracrine signaling and direct
cell-cell contact, thereby influencing cell development
and lineage specification and coordinating the functions
of distinct cellular compartments within organoids.”
However, insufficient vascular support imposes constraints,
particularly as organoids increase in size. Organoid growth
often outpaces the diffusion capacity of oxygen and
nutrients; when tissue thickness exceeds 300 pm, cells in
the core region can no longer receive an adequate supply
and become prone to hypoxia and necrosis.*’ In addition,
size limitations hinder sustained in vitro maintenance of
organoid growth and function, resulting in reduced cellular
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performance or progressive functional decline. This not
only compromises experimental reproducibility but also
restricts the use of organoids for long-term observation
and repeated assays. A lack of effective vascularization
further limits the applications of organoids. For example,
the absence of a perfusable vascular network precludes
prolonged drug perfusion studies, thereby limiting drug
screening and toxicity evaluation. Moreover, organoids
without vascular components cannot adequately
recapitulate hemodynamic cues and vascular functions,
thereby constraining investigations of flow-related and
vascular-associated diseases (e.g., stroke and nephritis).'®"
Collectively, these limitations partially diminish the
value of organoids for both mechanistic research and
translational applications.

To address the challenge of organoid vascularization,
3D bioprinting has been proposed as an effective solution.
Compared to conventional approaches to vascular
reconstruction, 3D bioprinting offers several distinct
advantages. First, it provides high spatial resolution,
enabling precise control over vessel diameter, branching
patterns, and anastomotic junctions, thereby facilitating
the fabrication of intricate and hierarchical vascular
networks.? Second, 3D bioprinting supports the rational
design of vascular architectures with high structural
diversity, allowing the creation of biomimetic vascular
trees, perfusable networks, and multilayered constructs
that better emulate the organization and function of
native vasculature within organs.”® This design flexibility
makes bioprinting adaptable to the heterogeneous
requirements of different organoid types. In addition,
the broad material compatibility of 3D bioprinting
represents a major advantage. Researchers can select from
a range of biofabrication materials, including hydrogels,
bioinks, and scaffold-based supports, which not only
meet biocompatibility requirements but also provide
instructive cues to support cell survival, proliferation, and
differentiation.'*** Through appropriate material selection
and formulation, bioprinting can provide both mechanical
support and a bioactive microenvironment, thereby
enhancing the physiological relevance of organoids. Most
importantly, 3D bioprinting enables cell-laden co-printing,
achieving the synchronized manufacture of “structure and
function”” By integrating vascular networks with organoid-
forming cells in a single biofabrication process, bioprinting
can generate perfusion-controllable microvascular systems
and organ-scale perfusion/oxygen delivery, thereby
improving organoid stability and functional maturation
and supporting long-term in vitro maintenance.'
This technological advance substantially increases the
physiological fidelity and translational potential of
organoid platforms.

Taken together, this review does not equate current
3D bioprinting with the routine direct fabrication of fully
physiological capillary beds inside organoids. Rather, we
focus on how bioprinting and related printing-enabled
biofabrication approaches support the development of
vascularized organoid and organoid-inspired models
through several complementary routes, including
the fabrication of perfusable mesoscale templates,
endothelialized hollow channels, multicellular patterning,
microfluidic perfusion, and self-organization-assisted
vascular maturation. By adopting this framework, we aim
to define the field’s current technical boundaries more
precisely, distinguish direct organoid vascularization from
broader vascular biofabrication in organoid systems, and
summarize the key challenges that must be overcome to
achieve physiologically relevant, functionally validated
vascularized organoid models.

2. Technical framework for the biofabrication
of vascularized organoid and organoid-
inspired models

2.1. Bioprinting techniques

Because the present review focuses on vascularized
organoid and organoid-inspired models rather than
general-purpose biofabrication, not all printing modalities
are equally relevant. In this context, the most informative
techniques are those that directly contribute to perfusable
channel generation, endothelialized conduit formation,
multicellular vascular assembly, soft-matrix fabrication,
or perfusion-enabled maturation. Accordingly, this
section focuses on six vascular-relevant approaches:
microextrusion bioprinting, digital light processing (DLP)/
stereolithography (SLA)-based fabrication, freeform
reversible embedding of suspended hydrogels (FRESH)/
embedded printing, coaxial bioprinting, sacrificial-
lumen printing, and microfluidic-integrated perfusion
biofabrication.

2.1.1. Microextrusion bioprinting

Microextrusion bioprinting is one of the most widely used
approaches for vascularized organoid-related constructs
because it can handle relatively high-viscosity bioinks and
supports continuous deposition of cell-laden filaments and
lumen-like architectures.'” Its principal value in vascular
fabrication lies in its compatibility with multicellular
bioinks, modular nozzle systems, and hydrogel
formulations suitable for generating mesoscale perfusable
templates.”® Although its spatial resolution is modest
compared with light-based systems, microextrusion
remains highly practical for constructing vascular
conduits, parenchyma-vascular interfaces, and organoid-
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supporting bulk architectures. Its main limitation is that
the achievable feature size generally remains insufficient
for direct fabrication of physiological capillary beds, and
shear stress during extrusion may reduce cell viability
when printing conditions are not carefully optimized.'**

2.1.2. Digital light processing/stereolithography-
based fabrication

Digital light processing and SLA are particularly relevant
when vascular fabrication requires higher geometric
precision. By polymerizing photocurable materials layer
by layer, these techniques enable the fabrication of finely
patterned microchannels and structurally well-defined
vascular templates.?? Compared to extrusion-based
approaches, DLP/SLA can achieve higher spatial resolution
and faster layer-wise fabrication, making them attractive
for the generation of small-diameter conduits and intricate
vascularized geometries.”> However, their applicability is
restricted by the need for photopolymerizable materials,
and light-induced cytotoxicity or thermal stress can
compromise the viability and function of encapsulated
cells.” Therefore, in organoid vascular fabrication, DLP/
SLA are most valuable for precise template formation
rather than for routine direct generation of fully mature
cellular microvasculature.

2.1.3. Freeform reversible embedding of suspended
hydrogels and embedded printing

Freeform reversible embedding of suspended hydrogels
and related embedded-printing approaches are especially
useful for vascularized organoid models because they
enable the fabrication of soft, extracellular matrix (ECM)-
rich structures that would otherwise collapse under their
own weight. By printing within a support bath, these
methods facilitate the formation of suspended channels,
overhanging structures, and compliant vascular templates
in materials such as collagen- or gelatin-based hydrogels.***
This is particularly advantageous for organoid-based
applications, where preservation of a soft, biologically
permissive microenvironment is essential. In addition,
embedded printing can support the positioning of cells
or organoid building blocks within soft matrices, thereby
improving the integration between vascular templates
and surrounding tissue-like compartments.”® The main
drawbacks are workflow complexity, dependence on bath/
ink rheological optimization, and limited throughput
compared with simpler extrusion-based workflows.”

2.1.4. Coaxial bioprinting

Coaxial bioprinting is one of the most directly relevant
strategies for vascular fabrication because it enables one-
step generation of hollow, lumenized conduits. Using

concentric nozzles, this method can spatially organize
a core phase and a surrounding shell phase to fabricate
vessel-like structures with predefined lumen geometry.?*?
When combined with endothelial cells and supporting
mural or stromal components, coaxial bioprinting provides
an efficient means to construct endothelializable conduits
and multilayer vascular architectures.” Its greatest strength
lies in its operational simplicity for tubular fabrication and
its suitability for building mesoscale perfusable channels.*!
However, like other printing-based methods, it primarily
generates vessel-like conduits at the mesoscale and, by
itself, does not resolve the challenge of constructing dense
physiological capillary networks within organoids.?>*

2.1.5. Sacrificial-lumen printing

Sacrificial-lumen printing is another core approach for
organoid vascular fabrication because it enables the flexible
generation of open-channel networks within hydrogel
matrices. In this strategy, a sacrificial template is first printed
and then embedded in a secondary matrix; subsequent
removal of the sacrificial material leaves behind a perfusable
lumen.”>* This approach is particularly advantageous
when complex branching geometries or multi-channel
layouts are required. In vascularized organoid-related
constructs, sacrificial-lumen printing provides a practical
route to create perfusion pathways that enhance mass
transport and support subsequent endothelialization.® Its
limitations include the need for mild and well-controlled
template removal, the risk of damaging surrounding
cell-laden matrices, and the substantial case-by-case
optimization often required to balance printing fidelity,
structural stability, and cytocompatibility.****

2.1.6. Microfluidic-integrated perfusion biofabrication

Although microfluidic integration is not purely a printing
modality in the narrow sense, it is highly relevant to
vascularized organoid engineering because it provides
the dynamic perfusion environment required for vascular
maturation and long-term function. By coupling printed
or bioprinted constructs with microfluidic devices, this
approach enables controlled flow, nutrient transport,
shear stress, and chemical gradients, thereby improving
tissue viability and endothelial maturation.”*® In practice,
microfluidic integration is especially important for
converting printed vascular templates into functionally
perfused systems. For this reason, it should be considered
a vascular-relevant biofabrication strategy rather than
merely a downstream culture add-on. Its main challenges
are integration complexity, limited standardization, and the
difficulty of simultaneously achieving microscale precision,
long-term stability, and operational reproducibility.***°

Taken together, vascular fabrication in organoid-related
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systems currently relies less on a single “best” printing
modality than on the complementary use of several
techniques. Extrusion-based and coaxial bioprinting are
practical for multicellular and lumenized constructs; DLP/
SLA improve geometric precision; FRESH/embedded
methods support soft-matrix fabrication; sacrificial-
lumen printing provides flexible perfusion pathways; and
microfluidic integration promotes functional maturation
under flow (Table 1).

2.2. Bioprinting materials

For vascularized organoid and organoid-inspired systems,

the relevance of a material should not be judged solely by its
general biocompatibility or printability. Instead, candidate
materials should be evaluated according to the specific
functions they serve during vascular fabrication, including
the generation of perfusable luminal structures, support
of endothelial adhesion and maturation, maintenance of
structural stability under dynamic culture, and provision
of tissue-relevant biochemical cues for coordinated
vascular-parenchymal development.'® Accordingly, this
section focuses on material systems that are directly or
near-directly relevant to organoid vascular fabrication,
rather than offering a broad overview of general-purpose

Table 1. Vascular-relevant printing and bioprinting approaches for vascularized organoid and organoid-inspired models

Approach Vascular-relevant role Main strengths Main limitations Reference
Deposition of cell-laden ~ Broad material compatibility; Limited resolution for
. . L bulk constructs and suitable for multicellular constructs; ~ capillary-scale features;
Microextrusion bioprinting . L 17-20
mesoscale perfusable practical for parenchyma-vascular extrusion-induced shear stress
templates integration may impair cell viability
Restricted to
High i ision; rapi h le f¢ lations;
High fdly brcaion ST IIR el photooniciys
DLP/SLA-based fabrication of microchannels and Y . ’ P aPp = 21-23
for patterned microchannel insufficient for routine direct
vascular templates . s .
architectures fabrication of physiological
capillary beds
C tible with soft
Fabrication of soft ECM- ompativie with 5o . .
. biomaterials; preserves compliant Workflow complexity; bath/
L rich vascular templates . . . L -
FRESH/embedded printing microenvironments; useful ink optimization required; 24-27
and suspended hollow . _
. for complex overhanging and limited throughput
architectures .
lumenized structures
. Efficient tubular fabrication; Mainly produces mesoscale
One-step generation of . . . e s
e . suitable for multilayer vessel-like conduits; limited ability to
Coaxial bioprinting hollow, endothelializable . . 28-33
) architectures; supports lumen recreate dense capillary-scale
conduits . . -
formation during printing vascular beds
Sacrificial removal must be
Fabrication of perfusable  Flexible control of lumen geometry ~ mild and well controlled;
Sacrificial-lumen printing channel networks within  and branching; effective for creating  structural collapse or matrix ~ 32,34-36
hydrogels open perfusion pathways damage may occur during
processing
Functional perfusion, o . .
. . Reproduces shear stress and High integration complexity;
. oy endothelial maturation, R R L2 L
Microfluidic-integrated . transport gradients; improves limited standardization;
and long-term dynamic 37-40

perfusion biofabrication

culture of printed
constructs

viability and vascular maturation;
supports functional testing

difficult to balance precision,
stability, and scalability

Abbreviations: DLP: Digital light processing; ECM: Extracellular matrix; FRESH: Freeform reversible embedding of suspended hydrogels; SLA:

Stereolithography.
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bioinks. These material categories and their major roles in
organoid vascular fabrication are summarized in Figure 1.

2.2.1. Sacrificial and template-forming materials for
perfusable channel fabrication

A major material requirement in organoid vascular
fabrication is the creation of open, perfusable channels
that can subsequently be endothelialized or interfaced with
self-organized microvascular networks. In this context,
sacrificial materials are particularly valuable because they
enable predefined hollow architectures to be generated
while minimizing damage to surrounding cell-laden
matrices during template removal.* Among them, Pluronic
F127 remains one of the most widely used sacrificial inks
due to its reversible sol-gel transition behavior. This
thermoreversible property allows it to be deposited to define
luminal geometry and then removed under relatively mild
conditions after the surrounding matrix has stabilized,
making it especially useful in perfusable biofabricated
systems.* In kidney-related perfusion models, fugitive-ink
strategies based on Pluronic-type templating have enabled
the fabrication of embedded tubular architectures that
better support flow and epithelial organization.*

However, sacrificial templating materials should not
be evaluated in isolation. Their practical value depends
not only on printability, but also on compatibility with
the surrounding matrix, the mildness of template-
removal conditions, and the extent to which lumen

Figure 1. Functional material framework for organoid vascular fabrication

diameter, branching geometry, and interfacial integrity
can be preserved after extraction. In organoid vascular
fabrication, sacrificial materials are therefore best
understood as enabling materials for the generation
of perfusable architecture, rather than as matrices that
directly promote vascular maturation.’ Their contribution
lies primarily in creating a structural framework that can
later support endothelialization, perfusion, and integration
with organoid tissue.*!

2.2.2. Endothelialization-supportive matrices

Once a hollow or perfusable template has been established,
the next material requirement is a matrix that supports
endothelial cell attachment, spreading, migration, and
barrier formation while remaining compatible with
organoid growth. In current organoid vascularization
studies, the most directly relevant matrices remain natural
ECM-rich hydrogels, particularly Matrigel, fibrin, and
collagen, as well as their combinations. For example,
vascularized brain organoids have been generated by
re-embedding organoids in Matrigel together with
endothelial cells, while intestinal organoid vascularization
has been optimized using fibrin-Matrigel co-gels, with
further control of vascular organization achieved through
matrix tuning and collagen-based structural guidance.**
These findings indicate that endothelialization-supportive
matricesshouldbeselected not merely for cytocompatibility,
but for their capacity to balance organoid morphogenesis
with vascular network formation.

Abbreviations: ECM: Extracellular matrix; GelMA: Gelatin methacryloyl; PCL: Poly(e-caprolactone); PEGDA: Poly(ethylene glycol) diacrylate; PRP:

Platelet-rich plasma.
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Nevertheless, each natural matrix presents trade-offs.
Matrigel strongly supports organoid self-organization and
early morphogenesis, but its batch-to-batch variability
and poor standardization limit reproducibility.*® Fibrin is
highly favorable for endothelial migration and angiogenic
remodeling, yet its rapid degradation can compromise
long-term stability if used alone.* Collagen provides a more
defined ECM-like environment and can offer structural
guidance, but its mechanical properties may require
optimization for sustained perfusion.”’ Accordingly,
in organoid vascular fabrication, natural hydrogels are
most effective when used in carefully tuned formulations
that reconcile biological permissiveness with sufficient
structural control.

Among modified hydrogels, gelatin methacryloyl
(GeIMA) is particularly valuable because it
combines gelatin-derived cell-interactive motifs with
photocrosslinkability, thereby allowing improved control
over stiffness, geometry, and fabrication fidelity while
retaining favorable endothelial compatibility.** Recent
work has shown that mechanically tunable GelMA
hydrogels can serve as stable, reproducible 3D supports for
the growth and maturation of human iPSC-derived kidney
organoids.

2.2.3. Materials for perfusion stability and multicom-
partment vascular constructs

In vascularized organoid systems, a biologically favorable
matrix alone is often insufficient to maintain long-term
function under flow. Materials must also preserve channel
geometry, resist collapse or interfacial delamination, and
maintain overall construct integrity during extended
dynamic culture®" For this reason, composite systems
that combine soft bioactive matrices with mechanically
supportive components are often more suitable than single-
component hydrogels.* In this setting, materials such as
alginate, poly(ethylene glycol) diacrylate (PEGDA), and
poly(e-caprolactone) (PCL) can be useful, but their roles
should be carefully framed. Rather than being considered
core organoid-vascularization matrices, they are more
appropriately described asauxiliary structural materials that
improve print fidelity, compartmentalization, dimensional
stability, or macroscopic mechanical support.”

For example, alginate can improve shape fidelity
and extrusion stability when combined with more
bioactive hydrogels, whereas PEGDA can provide
photocrosslinkable structural reinforcement and higher-
resolution patterning.>**® Likewise, hybrid systems
incorporating PCL may enhance macroscopic mechanical
robustness in constructs that must resist deformation
under perfusion.” However, these materials are generally

less permissive to endothelial and organoid maturation
unless they are biochemically modified or integrated with
more cell-supportive matrices.* Therefore, in the context
of organoid vascular fabrication, the importance of these
materials lies primarily in engineering support, not in
replacing the biological functions of permissive matrices
such as fibrin, Matrigel, GelMA, or organ-specific ECM-
derived hydrogels.

2.2.4. Organ-specific extracellular matrix-derived
bioinks for vascularized organoid models

A further level of material refinement is required when
vascularization must be coordinated with organ-specific
maturation. In such settings, ECM-derived bioinks,
especially tissue-specific decellularized ECM (dECM),
are particularly attractive because they can provide
biochemical signals that better resemble the native organ
microenvironment than generic hydrogels.”” The strongest
direct evidence comes from kidney organoids, where
kidney dECM hydrogels have been shown to enhance both
vascularization and maturation, supporting the idea that
organ-specific ECM cues can improve not only endothelial
behavior but also vascular-parenchymal coordination
within developing organoid systems.*®

More broadly, the value of dECM-based materials
in organoid vascular fabrication lies less in their use as
universal stand-alone matrices and more in their ability to
provide organ-instructive biochemical information when
incorporated into composite, processable, and perfusion-
compatible systems.” This principle is also reflected in
organoid-specific composite bioinks, such as GelMA/
ECM/platelet-rich  plasma formulations developed
for islet organoids, which have shown pro-angiogenic
potential while improving handling and fabrication
performance.®® Despite these advantages, dECM
materials still face limitations, including labor-intensive
preparation, compositional variability, and incomplete
standardization.®’ Thus, their most realistic application in
current organoid vascular fabrication is as a biologically
instructive component within hybrid material systems
rather than as a universally optimal matrix.

2.3. Bioprinting strategies

Bioprinting strategies for organoid vascularization
can be better understood when organized according
to the sequential requirements for vascularized tissue
construction. In general, these approaches progress from
(i) the fabrication of perfusable vascular templates, to (ii)
the spatial organization of multiple cell types and tissue
compartments, and finally to (iii) post-printing maturation
and higher-order optimization of vascular function. Based
on this logic, current strategies can be broadly categorized
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into  endothelialized  hollow-channel  fabrication,
multicellular co-printing, spatial compartmentalization,
dynamic perfusion-assisted maturation, self-organization-
assisted bioprinting, and biomimetic topological design, as
summarized in Table 2.

2.3.1. Endothelialized hollow channels

Among current approaches, endothelialized hollow
channels are among the most direct strategies for
establishing perfusable vascular templates. This method
typically begins with the fabrication of lumenized conduits
by sacrificial printing or coaxial extrusion, followed by
endothelial cell lining of the inner surface to generate
vessel-like structures. A recently developed multi-axial
co-extrusion microfluidic printhead enabled the rapid
fabrication of bilayered and trilayered hollow channels
within hydrogels and ECM-based matrices, while also
supporting multimaterial integration and spatial loading
of endothelial cells and fibroblasts in distinct layers.*
By optimizing the fabrication parameters, channels
with diameters ranging from 0.69 to 2.31 mm could be
generated within seconds, demonstrating both scalability
and flexibility for heterogeneous tissue construction.
Similarly, Maggiotto et al.®® used a CELLINK BioX™
platform to fabricate hollow channels by combining
GelMA with a sacrificial material such as Pluronic; after
ultraviolet crosslinking and removal of the sacrificial phase,
the constructs were maintained under perfusion culture,
leading to endothelial monolayer formation within 1-14
days and a marked reduction in vascular permeability.
Together, these studies indicate that endothelialized
hollow-channel engineering provides a robust structural
basis for subsequent vascular maturation by coupling
perfusable architecture with endothelial functionalization.

2.3.2. Multicellular bioprinting

Once a perfusable framework has been established, the next
requirement is to reproduce the multicellular composition
of native vascularized tissues. Multicellular bioprinting
addresses this need by simultaneously depositing
multiple cell populations together with bioinks in a
single fabrication process, thereby enabling coordinated
assembly of parenchymal and vascular components. Using
multi-nozzle systems, coaxial bioprinting platforms, and
related modalities, this strategy can spatially organize
endothelial cells, mural cells, stromal cells, and tissue-
specific functional cells within predefined regions of the
same construct.

For example, a four-layer coaxial nozzle was used to
directly bioprint a co-culture model composed of a double-
layer alginate hydrogel with dual hollow channels, into
which human umbilical vein endothelial cells (HUVECs)

and human umbilical vein smooth muscle cells were
separately introduced. The resulting construct exhibited
intact architecture and superior mechanical performance
compared with single-layer hydrogels, supporting vascular-
relevant multicellular co-culture.** In another study, Zhu
et al.®® combined GelMA with a microfluidic bioprinting
system to spatially position human periodontal ligament
fibroblasts together with hydroxyapatite, generating
microscale structures that mimicked the periodontal bone
repair interface; under dynamic perfusion, the constructs
maintained high cell viability for more than seven days while
preserving structural integrity and cellular organization.
Therefore, multicellular bioprinting is important not only
because it increases cellular complexity, but also because
it better reconstructs the coordinated cell-cell and cell-
matrix interactions required for organoid vascularization.

2.3.3. Dynamic perfusion and microfluidic integration
for vascular maturation

After structural fabrication and spatial cellular
organization, vascularized constructs must undergo
functional maturation. At this stage, dynamic perfusion
and microfluidic integration become essential because they
provide physiologically relevant flow, nutrient transport,
oxygen delivery, and shear stress. Microfluidic platforms
are particularly valuable in this regard, as they enable
precise control over flow rate, oxygen tension, chemical
gradients, and multicellular interactions.*%

Compared to static culture, such dynamic systems
markedly improve organoid viability, reduce diffusion-
limited necrosis, and promote vascular maturation. For
instance, a microfluidic platform integrating cardiac and
renal organoids supported long-term, stable co-culture
of both tissues, with cardiac organoids maintaining
contractility and renal organoids preserving proximal
tubule marker expression together with measurable
filtration-related function.” Quintard et al* further
developed a vascularized organoid-on-a-chip platform
in which endothelial cells were pre-embedded within
the scaffold and guided to form an endothelial network
inside microfluidic channels; fluid shear stimulation
significantly enhanced vascular-like maturation and
prolonged organoid survival. Consistent with these
observations, synthetic soft microfluidic architectures
have also been used to establish dense capillary-like
networks in millimeter-scale tissues, thereby alleviating
core hypoxia and necrosis and improving tissue viability
and morphological maturation.®® More broadly, recent
analyses have underscored that post-fabrication perfusion
is not merely an auxiliary culture condition, but a central
determinant of whether a printed or bioprinted vascular
structure can transition into a functional vascular system.®
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In this regard, predefined coaxial bioprinting combined
with spontaneous endothelial sprouting represents an
important hybrid strategy, because it bridges mesoscale
conduits and microscale capillary formation within the
same construct.®® Overall, dynamic perfusion should be
regarded as akey functional maturation step in vascularized
organoid engineering.

2.3.4. Spatial compartmentalization

In addition to multicellular complexity, vascularized
organoids require spatially defined tissue organization.
Spatial compartmentalization addresses this challenge
by dividing a construct into discrete functional regions,
such as parenchymal, perfusion, and support layers, each
of which can be fabricated using tailored bioinks and
specific cell populations.”®”! This strategy is particularly
valuable for tissues whose function depends on regional
specialization, including nephron-like architectures and
multilayered vascular assemblies.

Recentstudieshave emphasized thatcompartmentalized
biofabrication can be strengthened by integrating
bioprinting with modular support baths and functionalized
bioinks, thereby enabling more precise control over matrix
mechanics, biochemical cues, multicellular coordination,
and vascular network formation.’”> For example, the
SPOT platform developed by Roth et al” enabled
accurate spatiotemporal positioning of multiple organoid
building blocks, while cellulose nanofibers served as both
an encapsulating material and a shear-thinning, self-
healing support hydrogel to preserve the desired spatial
arrangement. Likewise, magnetic-field-assisted printing
using magnetic nanoparticle-chitosan hydrogels as
transport beds enabled the controlled assembly of neural
and tumor organoids into higher-order assembloids. These
findings suggest that spatial compartmentalization serves
as a critical intermediate strategy that links construct-level
organization with functional tissue integration.

2.3.5. Self-organization-assisted Biofabrication

Although bioprinting can define the macroscopic
geometry and initial cellular arrangement of a construct,
it cannot by itself fully reproduce the emergent hierarchies
observed during tissue development. Self-organization-
assisted biofabrication has therefore emerged as an
important complementary strategy. In this approach,
stem/progenitor-derived organ building blocks (OBBs)
are first positioned via bioprinting or guided assembly,
after which intrinsic developmental programs drive their
fusion, differentiation, and vascular network formation.”

Compared to conventional single-cell bioprinting,
OBB-based approaches offer several advantages,

including a preorganized architecture, preservation of
biological functionality, and increased post-fabrication
self-integration capacity.”” Because these building blocks
already contain cellular heterogeneity and early lineage
specification cues, theyare better able to generate lumenized
structures, branched networks, and higher-order tissue
organization after placement. Indeed, some studies have
used stem cell-derived organoids as biofabrication units
and, together with photocrosslinkable matrices such as
Matrigel, achieved centimeter-scale tissue construction in
which bioprinting established the initial geometry while
subsequent self-organization generated microscale features
such as lumens and branched networks.”® This “bioprinting
+ self-organization” paradigm is particularly attractive
because it combines the spatial precision of engineered cell
placement with the developmental plasticity of organoids,
thereby offering a more effective route toward tissues that
more closely approximate in vivo architecture and function.

2.3.6. Biomimetic topological design

The final layer of optimization involves biomimetic
topological design, aiming to enhance the anatomical
realism and functional feasibility of vascularized constructs.
Rather than focusing directly on cellular deposition, this
strategy uses biomimetic principles and computational
algorithms to reconstruct tissue-specific architectures,
including hepatic lobular organization, alveolar geometry,
and vascular branching patterns. By integrating medical
imaging data, such as computed tomography or magnetic
resonance imaging, with adaptive mesh generation and
path-planning algorithms, researchers can generate
tissue-featured anisotropic models and convert them
into executable printing trajectories.”””® These algorithm-
guided design methods improve fabrication efficiency,
reduce layer-induced deformation, and enable more
faithful reproduction of native tissue microarchitecture.
For example, calcium phosphate-based materials have been
combined with such computational design tools to fabricate
customized bone-like architectures that recapitulate key
structural and chemical features of native bone.”® Similarly,
algorithmic platforms for synthetic vascular-tree design
have enabled the generation of printable vascular networks
within complex tissue geometries, with perfusion
performance further validated through hemodynamic
simulations.” Thus, biomimetic topological design should
be viewed primarily as an advanced structural design and
path-planning strategy that supports subsequent printing
or bioprinting, rather than as bioprinting per se.

3. Organ-specific vascular requirements
and representative biofabricated
vascularized organoid models

The relevance of vascular biofabrication differs substantially
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across organoid applications. Therefore, this section is
organized not simply as an organ-by-organ list of studies,
but around the organ-specific vascular requirements
that determine whether a given strategy is biologically
meaningful. These requirements include the target
vessel scale, the degree of structural hierarchy required,
the endothelial phenotype needed for organ fidelity,
and the physiological functions that define successful
vascularization. The organ-specific vascular requirements

discussed in this section, together with representative
vascularized organoid and organoid-inspired models, are
illustrated in Figure 2.

3.1. Brain organoids: Barrier-forming
microvasculature and neurovascular support

For brain organoids, the vascular requirement is defined
not simply by the presence of perfusable channels, but by
the need to approximate a barrier-forming microvascular

Table 2. Key vascularization-enabling strategies for vascularized organoid and organoid-inspired models

Strategy

Primary role in organoid
vascularization

Main advantage

Main bottleneck

Reference

Perfusable template formation
(e.g., endothelialized hollow
channels, coaxial or sacrificial-
lumen approaches)

Establishes open conduits
for transport and subsequent
endothelial lining

Provides immediate
perfusion pathways
and controllable lumen
geometry

Typically limited to
mesoscale channels rather
than physiological capillary
beds

35,62,63,80,81

Brings endothelial, mural, stromal,
and organ-specific parenchymal

Improves cell-cell and
cell-matrix interactions

Printing complexity increases
substantially with cell-type

Multicellular bioprintin 65,82-84
P i cells into coordinated spatial relevant to vascular number, ratio, and matrix
organization maturation heterogeneity
Supplies shear stress, nutrient Enhances vascular Integration complexity,
Dynamic perfusion and exchange, and controlled flow maturation, viability, limited standardization, and
. L . . - . . 33,67,85,86
microfluidic maturation for endothelial stabilization and and long-term culture difficulty maintaining long-
functional maintenance performance term perfusion stability
. . Improves regional L. .
Organizes constructs into pr glora Interfacial integration and
. oo . o fidelity and permits . ) )
Spatial compartmentalization ~ functionally distinct vascular, . hierarchical multiscale 71,87,88
. controlled tissue- - o
parenchymal, and support regions . coordination remain difficult
vascular interfaces
Uses developmental self-assembly ~ Offers a realistic route . I
Self-organization-assisted to generate microvascular-like toward capillary-like High variability, slower
8 8 priary maturation, and limited 74,76,89,90

vascularization

features beyond direct printing
resolution

complexity and tissue-
adaptive maturation

reproducibility

Biomimetic topological design

Improves vascular-tree layout,
branching logic, and anatomical
plausibility before fabrication

Enhances structural
realism and supports
organ-specific design
requirements

Design sophistication
does not by itself solve
the biological challenge
of stable endothelialized
microvasculature

33,77,78,91,92

environment. In terms of vessel size, the relevant target
is not a large conduit system, but a microvascular-scale
interface compatible with oxygen diffusion and blood-
brain barrier (BBB)-related function.®> Structurally,
the key consideration is not channel formation alone,
but the reconstruction of a neurovascular unit-like

hierarchy involving endothelial cells together with neural
and supporting cell compartments.” At the phenotypic
level, endothelial cells must move beyond generic
vascular identity toward BBB-relevant characteristics.”
Functionally, successful vascularization should therefore
be judged by improved internal transport, barrier-related
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Figure 2. Organ-specific vascular requirements and representative examples of vascularized organoid and organoid-inspired models. (A) Three-dimensional-
bioprinted cortical organoid platform based on a microchanneled gelatin methacryloyl scaffold for improved intratissue transport and early neurovascular
organization.* (B) Glioblastoma-on-a-chip model with a perfusable vascular network for reconstruction of the tumor-associated microenvironment.
Reprinted with permission from Ref.'* Copyright © 2021 The American Association for the Advancement of Science. (C) Freeform reversible embedding
of suspended hydrogels-printed organ-scale cardiac construct with multiscale perfusion pathways in thick myocardial tissue. Reprinted with permission
from Ref* Copyright © 2019 The American Association for the Advancement of Science. (D) 3D-bioprinted intestinal mucosa-like model with crypt-
villus architecture, epithelial-stromal organization, and basement membrane-related extracellular matrix remodeling.?! (E) Multicellular bioprinted liver
organoid model with biomimetic lobular architecture for enhanced parenchymal-vascular coupling.'® (F) In vitro vascularized pancreatic islet organoid
model showing endothelial network formation around islet organoids under co-culture conditions.'” (G) A representative biofabricated vascularized
pulmonary tumor model. The platform integrates multicellular lung cancer spheroids with endothelialized perfusion channels within a lung decellularized
extracellular matrix-based hydrogel microenvironment.'” (H) Kidney organoid-vasculature interaction model on an organ-on-chip platform for
endothelial integration and vascular association with renal organoids.'”
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properties, and neurovascular support rather than by
morphology alone.®%

A representative step in this direction was reported by
Cadena et al.,** who developed an embedded 3D-bioprinted
cortical organoid platform using GelMA to fabricate
microchannel-containing scaffolds that guided human
iPSCs toward brain-like structures while incorporating
endothelial cells to model vascularization. This strategy
improved architectural controllability and structural
reproducibility, indicating that bioprinting can provide
a useful framework for introducing vascular guidance
into otherwise self-organized neural systems. However,
the vascular features remained non-perfusable, and the
system did not yet reproduce a mature neurovascular unit.
Thus, its significance lies in improving spatial organization
and diffusion support rather than in establishing a fully
functional brain microvasculature.

Xu et al? approached the problem from another
angle by using two-photon polymerization to fabricate an
artificial reticular scaffold that supported the expansion
and long-term growth of brain organoids. The microporous
architecture improved internal mass transport, reduced
central hypoxia, and facilitated communication among
region-specific organoid components. This work is relevant
because it shows that, in brain organoids, one practical
role of high-resolution printing is to relieve transport
limitations and create a more permissive environment
for later neurovascular maturation. Even so, the printed
structures were still not perfusable and did not reproduce
a true BBB-like endothelial interface.

Taken together, current biofabrication efforts in brain
organoids have primarily improved internal transport
and preliminary neurovascular organization, but have
not yet achieved integrated, perfusable, and barrier-
forming microvasculature. Future studies should therefore
move beyond vascular-like geometry alone and focus on
endothelial specialization, the incorporation of astrocytic
and pericytic support, and functional validation using
BBB-relevant endpoints, such as permeability control and
barrier stability.

3.2. Tumor organoids: Perfusable but pathologically
permeable vasculature

For tumor organoids, the vascular requirements differ from
those ofhealthy organ models, as the goal is not to reproduce
a stable barrier-forming vasculature but to capture a
pathologically relevant tumor vascular microenvironment.
With respect to vessel size, the key need is a vascular scale
that generates local perfusion and transport gradients
rather than a fully physiological capillary bed.'> In terms

of structural hierarchy, tumor vasculature is typically
irregular, heterogeneous, and incompletely organized, and
this abnormality itself is biologically meaningful.”® At the
phenotypic level, endothelial cells are expected to display a
more permeable, tumor-associated behavior than those in
tightly regulated healthy tissues.”” Functionally, the main
criteria are therefore drug penetration, hypoxia patterning,
nutrient heterogeneity, and stromal or immune interaction,
rather than structural channel formation alone.*®

Shi et al'® provided an early example by using an
embedded printing strategy to co-fabricate breast cancer
cells and cancer-associated fibroblasts within a collagen-
based bioink and silk fibroin support bath. The addition
of endothelial cells promoted microvessel formation and
improved the physiological relevance of the reconstructed
tumor microenvironment (TME). The importance of this
study lies in demonstrating that vascularization in tumor
organoids can be advanced through multicellular spatial
organization rather than solely through vascular geometry.
At the same time, the model still lacked truly perfusable
vasculature, and printing-associated cell viability loss
limited the extent to which dynamic tumor behavior could
be recapitulated.

A more directly relevant example was reported by
Choi et al.,'" who developed a 3D-printed vascularized
lung cancer organoid platform integrating patient-derived
lung cancer organoids, fibroblasts, and vascular channels
using decellularized porcine lung ECM as the bioink.
Compared to conventional Matrigel-based culture, this
system provided improved physiological relevance, better
representation of fibrosis-associated microenvironmental
effects, and stronger performance in drug-response
evaluation. Their study is particularly important because
it links vascularization to clinically meaningful tumor
behavior, rather than treating vascularization as an isolated
structural feature. Nevertheless, the platform still did not
fully reproduce long-term vascular stability or the full
complexity of immune-cell participation under flow.

Overall, the most meaningful direction for tumor
organoid vascularization is not simply the addition of
endothelial cells or the creation of printed channels, but
the reconstruction of a functionally relevant vascularized
TME. In this setting, the critical requirements are
partially perfusable yet pathologically leaky vasculature,
controllable nutrient and drug gradients, and coordinated
stromal integration. Future work should therefore focus
on linking vascular architecture with functional endpoints
such as drug penetration, endothelial permeability,
hypoxia distribution, and immune-cell trafficking, so that
vascularization becomes a determinant of tumor model
fidelity rather than a secondary design feature.
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3.3. Liver organoids: Sinusoid-like exchange
networks and metabolic support

For liver organoids, vascularization is required not
only to supply oxygen but also to reproduce a highly
specialized exchange interface. In contrast to organs in
which barrier integrity is the dominant vascular endpoint,
the liver depends on a sinusoid-like microenvironment
that supports efficient mass transfer, close parenchyma-
endothelium interaction, and sustained metabolic
activity.!9>!%  Accordingly, the most relevant vascular
features in liver organoid models are not simply hollow
channels or bulk perfusion routes, but spatially organized
exchange networks that can support hepatocyte function,
multicellular crosstalk, and long-term metabolic stability.'**

A representative study in this direction was reported by
Jian and colleagues, who used a multicellular bioprinting
strategy to fabricate liver-like organoids with biomimetic
lobular organization.!® By spatially arranging hepatocytes,
liver sinusoidal endothelial cells, and hepatic stellate
cells, they reconstructed aspects of the radial architecture
extending from the central vein to the portal region. This
design improved albumin secretion and urea synthesis,
suggesting that a vascularly informed spatial organization
can enhance metabolic performance beyond that
achieved in less structured liver organoid systems. The
importance of this study lies less in the direct recreation of
physiological sinusoidal capillaries than in demonstrating
that vascularized liver organoids require coordinated
spatial coupling between parenchymal and vascular
compartments.

Lekkala et al.'® further addressed the transport
problem by developing a vascularized liver organoid
platform incorporating predefined micropillar-based
microstructures.  This strategy improved oxygen
transport and promoted vascular network formation,
thereby extending organoid survival and enhancing
drug-metabolism-related ~ performance. = Compared
to simple static culture, this work better captured the
functional significance of vascular support in liver
models. Nevertheless, the resulting system still fell short of
reproducing the full structural and functional complexity
of the hepatic sinusoidal network, particularly with regard
to long-term perfusion stability and the fine-scale exchange
interface characteristic of native liver tissue.

From the perspective of reproducibility and screening
utility, Shrestha et al'” established a controllable
human liver organoid platform using microarray-based
bioprinting. The value of this approach lies in improved
standardization and organoid-to-organoid consistency,
which are important for drug testing and disease
modeling. At the same time, its limited construct size and

architectural complexity mean it does not yet resolve the
broader challenge of recreating hierarchical sinusoidal
organization together with durable vascular perfusion.

Taken as a whole, current biofabrication studies on
liver organoids have made the greatest progress in three
areas: spatially organizing hepatic parenchymal and
vascular components, improving internal transport, and
extending metabolic function in vitro. However, the central
unresolved issue remains the reconstruction of a sinusoid-
like exchange system rather than simply adding channels.
Future work should therefore focus on organ-specific
endothelial phenotypes, tighter coupling between vascular
and biliary architectures, and functional validation using
exchange-relevant endpoints, such as metabolic output,
drug processing, and sustained mass transport under
perfusion.

3.4. Kidney organoids: Filtration-oriented vascular
interfaces

Kidney organoids pose a different vascular challenge than
liver or tumor systems, as vascularization must support
not only nutrient delivery but also filtration-related
architecture and segmental functional coupling. In this
context, the biologically meaningful target is not a generic
vascular network, but a renal vascular interface capable of
supporting glomerular filtration, tubular exchange, and
sustained fluid transport.’®'® As a result, the relevant
design requirements include an appropriate microvascular
scale at the filtration interface, structural coordination
between glomerular and tubular compartments, and
endothelial functionality compatible with renal transport
physiology.

A representative organoid-relevant example was
provided by Valverde et al.,'®® who used a multicellular
bioprinting strategy to generate kidney organoids
containing glomerulus-like structures. By patterning
tubular epithelial cells, endothelial cells, and fibroblasts,
they reproduced aspects of nephron-related organization
and achieved a level of functional relevance for drug
screening. This study is important because it shows that
vascularization in kidney organoids cannot be considered
separately from nephron architecture: the value of vascular
integration lies in its ability to support glomerular-tubular
functional coupling. However, as in many current systems,
limited vascular maturity and insufficient long-term
perfusion remained major constraints.

Singh et al.''* further improved physiological relevance
by using 3D cell-printing to generate microfluidic hollow
renal tubular/vascular constructs, thereby introducing
luminal flow and more realistic transport-related functions
into engineered renal systems. This advance is particularly
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important for kidney applications, where fluid handling
and solute exchange are central to tissue function. Even so,
incomplete intercellular crosstalk and limited perfusion
capacity indicate that current printed renal platforms still
reproduce only part of the vascular contribution required
for sustained renal physiology.

A particularly relevant advance was reported by Feng et
al., who developed a pump-free printed perfusion platform
for tubular tissues.''! By engineering a microchannel
architecture that supports long-term flow, this system
improved perfusion stability and created a more kidney-
relevant culture environment. In parallel, Homan et al.''?
showed that sustained fluid stimulation in a microfluidic
culture system promoted vascular network formation
and enhanced metabolic capacity in kidney organoids.
Together, these studies suggest that functional perfusion
in kidney organoids may be at least as important as
static structural vascularization. In other words, a renal
vascular model is meaningful only if it supports transport,
exchange, and filtration-related maturation under dynamic
conditions.

Collectively, the kidney field has made progress in
integrating vascular thinking into nephron-oriented
organoid design, but current models still fall short of
reproducing a stable and physiologically credible filtration
interface. The major challenge is not simply adding
endothelial cells or channels, but establishing vascular
structures that are functionally coupled to glomerular
and tubular compartments. Future work should therefore
prioritize endothelial specialization at the renal interface,
more robust perfusion-linked maturation, and functional
assessment based on transport, filtration, and segment-
specific renal readouts rather than on structural vascular
markers alone.

3.5. Pancreatic organoids: Vascular support for
endocrine survival and function

In pancreatic organoids, the value of vascularization lies
less in reproducing a complex hierarchical vascular tree
and more in sustaining endocrine viability, oxygen supply,
and stimulus-responsive secretion. This is especially
important for islet-like systems, in which insufficient
transport rapidly leads to functional decline."!*"** For this
reason, the most relevant vascular targets in pancreatic
organoid models are local microvascular support, effective
mass exchange, and a microenvironment that preserves
glucose responsiveness and insulin release, rather than
large perfusable conduits alone.

A representative example was provided by Wang et
al.,"* who engineered islet organoids using a composite
hyaluronic acid methacrylate (HAMA)/processed

ECM hydrogel. In this system, the HAMA component
contributed to printing fidelity, whereas the pancreatic
ECM component supplied tissue-relevant biological cues.
The resulting constructs maintained islet cell function and,
after implantation into diabetic mice, supported improved
glycemic control. Importantly, compared with HAMA
alone, the composite formulation also promoted more
robust angiogenesis, indicating that material choice can
affect not only construct formation but also the vascular
support required for endocrine function. This study is
particularly relevant because it links vascularization to
a meaningful pancreatic endpoint rather than treating
vascularization as a structural feature in isolation.

A related advance was reported in a system combining
GelMA, pancreas-derived ECM, and platelet-rich plasma
to construct islet organoids with improved pro-angiogenic
and immunoregulatory properties.*® This approach
enhanced capillary-like behavior in endothelial cells,
increased expression of vascular markers, and supported
stable function of pancreatic {3 cells. The importance of this
work lies in showing that pancreatic vascular support is not
purely a matter of flow or geometry. Instead, it depends on
a microenvironment that coordinates angiogenic signaling,
immune modulation, and endocrine-cell maintenance.

Soltanian et al''s further moved the field toward
a transplantation-oriented setting by developing a
3D-printed “tissue trapper” for pancreatic progenitors.
The printed macroporous pouch permitted nutrient
diffusion while limiting immune-cell infiltration, and
implanted cells matured in vivo into endocrine clusters
that improved glycemic control. Although this platform
is not a direct model of fully vascularized pancreatic
organoids in vitro, it remains relevant because it highlights
a central issue in pancreatic vascularization: the construct
must simultaneously support mass transport, functional
maturation, and host compatibility. The fibrotic response
observed over time also underscores how difficult it
remains to maintain a favorable vascular interface in
longer-term applications.

In summary, current work suggests that pancreatic
organoid vascularization should be judged primarily by
whether it supports endocrine survival and function. The
key issue is therefore not simply the formation of channels,
but the establishment of a transport-supportive and pro-
angiogenic niche that preserves glucose sensing, insulin
secretion, and long-term viability. Future efforts should
place greater emphasis on microvascular support around
islet-like structures, more stable perfusion strategies, and
functional evaluation based on endocrine performance
rather than morphology alone.
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3.6. Intestinal organoids: Epithelial-vascular
interfaces under luminal gradients

For intestinal organoids, vascularization is meaningful
only when it supports a physiologically relevant epithelial-
vascular interface rather than simply adding channels to a
printed construct. Unlike tissues in which the main goal
is bulk perfusion, the intestine requires vascular support
that is closely coupled to the crypt-villus axis, nutrient
transport, barrier maintenance, and responses to luminal
or inflammatory gradients.!””'* Accordingly, the relevant
vascular requirements in intestinal organoid models
include an appropriate local vessel scale for epithelial
exchange, a spatial hierarchy compatible with crypt-villus
organization, and functional integration sufficient to
sustain long-term epithelial homeostasis under dynamic
conditions.

A representative example was reported by Huang et
al.,'® who developed an intestinal organoid-on-a-chip
platform with embedded artificial microvessels using
coaxial microfluidic fabrication and a pH-responsive
zeolitic imidazole framework 8/sodium alginate scaffold.
This system recapitulated oxygen gradient dynamics
during intestinal ischemia-reperfusion injury and
showed that dynamic perfusion improved long-term
viability and physiological relevance. Its significance lies
in directly linking vascular integration to a biologically
meaningful intestinal function, namely the response of the
epithelial compartment to changing oxygen and transport
conditions. In this sense, the study demonstrates that
vascularization in intestinal organoids should be judged
not only by structural incorporation of vessels, but also
by whether vascular support enables functionally relevant
epithelial behavior under dynamic stress.

A second important advance was reported by Li et
al.,'* who used embedded 3D bioprinting to fabricate
a large-scale intestinal tissue construct with continuous
crypt-villus  architecture and predefined vessel-
guidance channels. Using a composite bioink of alginate
methacrylate, PEGDA, and GelMA, they generated a
multilevel intestinal structure in which Caco-2 cells
formed a barrier-forming epithelial layer with microvillus-
and crypt-villus-like features, while HUVECs embedded
in the surrounding matrix gradually developed capillary-
like networks. This study is particularly valuable because
it addresses several intestinal vascular requirements
simultaneously: the need for structural hierarchy, the need
for guided vascular organization within the supporting
matrix, and the need for improved mass transport during
longer-term culture. Although the resulting vasculature
does not fully reproduce the complexity of native intestinal
microcirculation, it represents a more integrated step

toward vascularized intestinal organoid-related models
than static topographic scaffolds alone.

In conclusion, current progress in intestinal organoid
vascularization has moved beyond simple epithelial
culture toward systems that begin to couple epithelial
organization, perfusion support, and vascular guidance.
However, the central challenge remains the reconstruction
of a stable epithelial-vascular interface that can preserve
crypt-villus organization, barrier function, and long-term
viability under dynamic luminal conditions. Future work
should therefore prioritize coordinated vascular support,
controlled perfusion, and multicellular integration rather
than structural complexity alone.

3.7. Cardiac and lung organoid-inspired models:
Emerging directions and current limitations

Compared to the brain, liver, kidney, or pancreatic
systems, the literature on direct vascularized cardiac and
lung organoids remains limited. Numerous available
studies are more accurately described as organoid-inspired
models or engineered tissue constructs rather than
classical organoids.**'**'* For this reason, these two fields
are considered together here as emerging directions in
which vascular biofabrication is clearly important, but in
which the boundary between organoid vascularization and
broader tissue engineering remains less clearly defined.

In cardiac models, the main vascular requirement
is maintaining oxygen delivery and cellular viability
within thick, contractile tissue, while supporting
electromechanical stability during prolonged culture.
Printed cardiac constructs with lumenized channels or
multicellular organization have shown that perfusable
mesoscale pathways can improve tissue survival and
functional  maintenance. Likewise, = FRESH-based
fabrication of vessel-like channels within collagen-
rich cardiac constructs has demonstrated the practical
value of perfusion routes in thicker engineered tissues.”
However, these advances still do not fully reproduce a
mature myocardial microvascular bed, and many current
examples are better regarded as vascularized cardiac tissue
models than as organoids in the strict sense.

In lung-related models, the key requirement is
not merely vascular presence, but a vascular interface
compatible with airway or alveolar architecture and
exchange-related function. Some printed lung cancer
organoid models incorporating vascular channels have
begun to address this issue, particularly in the context
of TME reconstruction.' Yet a large part of the broader
lung-printing literature remains centered on airway chips,
epithelial patterning, or non-organoid constructs. These
systems are valuable for pulmonary bioengineering, but
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only a subset is directly relevant to vascularized lung
organoid modeling.

On the whole, the cardiac and lung fields illustrate an
important boundary in the current literature: vascular
biofabrication has clear value, but the number of examples
that genuinely qualify as organoid vascularization remains
limited. At present, the most defensible way to discuss
these systems is as organoid-inspired models that highlight
future opportunities rather than as fully established
organoid vascularization platforms. Future work in both
areas will need to move beyond bulk perfusion routes and
toward more organ-relevant endothelial phenotypes, better
integration with tissue-specific cellular organization, and
clearer functional criteria for what constitutes meaningful
vascularization.

4, Current technical bottlenecks and unmet
challenges

Although substantial progress has been made in
vascularized organoid biofabrication, the central challenge
is no longer simply whether vascular structures can be
introduced, but whether those structures are appropriate
for the intended biological use.!! At present, the main
limitations concern not only fabrication itself, but also the
mismatch between printable structures and physiological
microvasculature, the absence of shared perfusion
standards, the lack of application-specific maturation
criteria, and the unresolved question of which vascular cell
sources are suitable for different organoid systems.'”!**

A first and persistent bottleneck is the gap between
fabrication feasibility and physiological vascular scale.
Most current printing-based strategies can reproducibly
generate mesoscale conduits, endothelialized channels,
or perfusion routes, but they do not yet routinely recreate
the dense capillary beds that dominate transport in native
tissues. In practice, increasing spatial precision often
comes at the expense of cell viability, material flexibility, or
manufacturing robustness.®®!#-13! For this reason, the most
workable strategy at present is often a hybrid one: printing
is used to establish larger perfusion pathways or spatial
guidance, whereas finer vascular features arise through
endothelial sprouting, self-organization, or remodeling
after fabrication.®!2%132

A second major issue is perfusion standardization.
Even when vascular channels are successfully established,
long-term performance remains highly variable across
systems.'” Channel geometry, flow profile, shear stress,
oxygen delivery,and media turnover are rarely standardized
in a way that allows direct comparison across studies. This
is not a minor methodological issue, because vascular
stability under flow determines whether endothelial

coverage is maintained, whether lumens remain patent,
and whether the construct can support sustained transport
rather than just short-term appearance.’®***> Recent
organoid-on-chip and vascularized bioprinted models have
shown that even relatively simple perfusion systems can
improve organoid growth, metabolic support, and assay
performance, but these gains are easier to demonstrate
in controlled in vitro platforms than in larger or more
translational constructs.”!*

A third problem is that maturation metrics are still too
loosely defined. In many studies, vascularization is inferred
solely from morphology, such as channel presence, CD31
staining, or endothelial sprouting. These readouts are
useful, but they are not sufficient on their own.”” More
importantly, the relevant maturation benchmark depends
on the intended use of the model. For in vitro analytical
platforms, such as drug screening or disease modeling, a
construct may already be valuable if it shows reproducible
perfusion, stable endothelial coverage, improved transport,
and application-relevant functional outputs.”"** In
contrast, implantable constructs must meet a much higher
standard, including durable perfusion, structural stability,
host integration, and preservation of tissue-specific
function after transplantation. These two use scenarios
should not be judged using the same threshold.!**!*

A fourth bottleneck concerns the selection of vascular
cells. Many current vascularized models still rely on
HUVECs because they are experimentally robust and
readily available. However, a generic endothelial source
is not necessarily adequate for organoids that require
tissue-specific vascular behavior. Brain, liver, kidney,
and intestinal organoids differ not only in parenchymal
composition but also in endothelial phenotype and vascular
function.®”'”” This point is now difficult to ignore, given
growing evidence for organotypic vascular heterogeneity
across human tissues. The issue is even clearer for
immortalized endothelial lines, such as EA.hy926."*! These
cells remain useful as research tools, but they are somatic
hybrid lines rather than clinically deployable endothelial
sources, and transcriptomic analyses have shown clear
differences between EA.hy926 and primary endothelial
cells."»'*2 Future progress should therefore require more
deliberate choices regarding organ-matched endothelial
cells, perivascular support cells, and stem-cell-derived
vascular components.

A fifth unresolved issue is the balance between
universality and organ specificity in vascular design.
Some engineering principles are broadly useful, including
perfusion-compatible matrices, endothelial pre-patterning,
sacrificial templating, and dynamic flow conditioning.
Yet it is increasingly clear that vascularization cannot be
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treated as a single generic endpoint across all organoids.'**

Brain-like barrier vasculature, liver sinusoidal exchange
networks, and glomerular filtration interfaces represent
fundamentally different targets.”** Recent discussions of
in vitro vascularization have emphasized that capillary
organization itself varies markedly across tissues, including
branched, bifurcated, and glomerulus-like architectures.'**
A central question for the next stage of the field is therefore
not whether one universal vascularization strategy exists,
but which parts of vascular design can be standardized and
which must remain organ-specific.

Finally, scaling and translation remain difficult because
vascular complexity increases disproportionately with
construct size. As organoids grow larger or become more
functionally ambitious, diffusion limitations, perfusion
instability, and multicompartment failure become more
pronounced.'”® At the same time, translational intent
brings additional concerns, including manufacturability,
biosafety, and ethical oversight. For this reason, scaling
cannot be treated as a purely engineering problem.* It
also determines the level of vascular maturity genuinely
required and whether a given platform should be judged
as an in vitro test system or a translational tissue construct .

5. Future perspectives

Future progress in this field will likely depend less
on a single leap in printing resolution than on better
integration between fabrication, vascular maturation,
and application-specific evaluation. In practical terms,
the most promising near-term path is not the direct
printing of complete physiological capillary beds, but the
coupling of reproducible mesoscale perfusion routes with
post-printing endothelial remodeling, sprouting, and
self-organization.”>'*® This hybrid logic already underlies
several of the more convincing recent platforms and is
likely to remain the most realistic route for improving both
reproducibility and biological relevance.

A second priority is the establishment of clear
maturation criteria aligned with the intended use. For in
vitro pharmacology or mechanistic studies, the goal should
not necessarily be full anatomical fidelity. In numerous
cases, it is sufficient—and experimentally meaningful—
to achieve controlled perfusion, stable endothelialization,
improved oxygen and nutrient delivery, and reproducible
functional readouts. This is precisely why relatively simple
vascularized systems have already proved useful for drug
testing, including vascularized tumor and liver models.**!*
In contrast, for implantation-oriented constructs, partial
vascularization is insufficient. These systems must sustain
flow over longer periods, resist structural failure, and
support tissue-specific function after implantation.'” A
stronger distinction between these two endpoints would

make the field more coherent and would prevent in vitro
screening platforms from being judged by unrealistic
translational standards.

A third direction concerns cell-source upgrading. If
organoid vascularization is to move beyond proof-of-
concept, greater attention will need to be paid to endothelial
identity. The accumulating evidence for organotypic
vascular diversity suggests that future models will benefit
from replacing generic endothelial inputs with organ-
matched endothelial cells, stem-cell-derived endothelial
populations, or better-defined vascular organoids when
the biological question requires tissue specificity.'*>*® This
will be especially important in systems such as the brain,
kidney, and liver, where endothelial function is closely tied
to organ-specific physiology rather than simple nutrient
transport.'*

A fourth priority is the development of modular
and comparable perfusion platforms. Many current
systems remain highly customized, making it difficult to
compare results across laboratories or organ types. More
standardized modules for channel interfacing, shear
control, oxygenation, and online monitoring would help
define more reproducible vascular maturation conditions.*
This is particularly relevant for organoid-on-chip systems,
where moderate levels of vascular complexity can already
yield substantial gains in assay performance, maturation,
and long-term culture stability.’s*

A fifth and broader issue is how to combine shared
engineering strategies with organ-specific vascular
targets. The field is unlikely to advance through purely
generic vascularization recipes. Instead, progress will
probably come from a layered design strategy: a common
engineering backbone for fabrication and perfusion,
combined with organ-specific modules that reflect the
structural and functional demands of brain, liver, kidney,
pancreas, intestine, or tumor tissue.'*'** This is likely to be
more productive than asking whether one vascularization
method can serve all organoid types equally well.

Finally, a few noncanonical oxygen-support strategies
may deserve cautious discussion in future perspectives.
One recent example outside the organoid field is the
incorporation of symbiotic microbes into bioprinted
constructs to locally supply oxygen. This is not yet an
established strategy for organoid vascularization, and
it should not be presented as such. Even so, it is worth
mentioning briefly because it addresses the same biological
problem from a different angle: in some settings, relieving
hypoxia may require not only better vasculature, but also
complementary approaches to oxygen management. Used
carefully, such examples can broaden the future outlook
without diluting the central theme of vascularization.'*'*°
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In summary, the next stage of vascularized organoid
biofabrication depends on a shift in emphasis: from
demonstrating that vascular structures can be introduced
into organoid systems to showing that these structures
are fit for purpose. That shift requires sharper maturation
criteria, better endothelial choices, more comparable
perfusion systems, and a clearer distinction between
broadly useful engineering principles and organ-specific
vascular requirements.

6. Conclusion

The convergence of 3D bioprinting and organoid
technologies has opened unprecedented avenues in tissue
engineering, making it increasingly feasible to construct
complex tissues that exhibit both structural and functional
biomimicry. To date, this field has evolved into a diversified
technological landscape  encompassing  multiscale
printing, perfusion-enabled culture systems, and self-
organization-assisted strategies, with an expanding
repertoire of application paradigms. However, substantial
differences in anatomical architecture, physiological
function, and microenvironmental context across organ
systems necessitate that biofabrication approaches
be precisely tailored and matched to organ-specific
requirements. Looking forward, deeper interdisciplinary
integration—linking bioprinting, biomaterials science,
and developmental biology—alongside the establishment
of standardized manufacturing workflows and unified
evaluation frameworks, will be pivotal for enabling scalable
organoid production and accelerating clinical translation.
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