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Abstract

Three-dimensional (3D) bioprinting provides a rapid and efficient method for fabricating customized bioprinted tissues that
replicate the complex architecture of native tissues. However, in 3D bioprinting, the need for dense biomaterial networks to
ensure mechanical strength and structural fidelity often restricts the spreading, migration, and proliferation of encapsulated
cells, as well as the transport of materials. This review summarizes effective strategies for manufacturing microporous bio-
printed tissues via 3D bioprinting. The term “microporous” refers to interconnected, micrometer-sized pore-like structures
within the internal materials of bioprinted tissues, including the microstructure of a single extruded fiber in extrusion print-
ing. This differs from the macroscopic pore structure formed between fibers composed of print tracks or computer-aided de-
sign presets. These micropores play a crucial role in advancing biomanufacturing and 3D bioprinting by providing space for
cell adhesion and proliferation while facilitating the timely transport of nutrients and metabolic waste essential for cell
growth. Additionally, microporous bioprinted tissues offer the mechanical support needed for cell seeding and serve as sites
for extracellular matrix deposition. As microporous 3D bioprinting continues to advance, it has the potential to address unre-
solved challenges in fields such as organ transplantation, tissue regeneration, and tissue replacement.
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1 Introduction

Over the past two decades, the limitations of classical tissue
engineering in fabricating complex bionic structures have led
to the oversimplification of tissue architectures, resulting in
engineered tissues that fail to replicate realistic cellular mi-
croenvironments. Three-dimensional (3D) bioprinting, with
its ability to fabricate intricate and biomimetic tissue struc-
tures, offers a promising solution to this challenge [1]. 3D
bioprinting involves converting bioinks containing living
cells into functional tissue structures and organs based on 3D
digital models. This technology has demonstrated potential
for generating tissues and organs suitable for various bio-
medical applications, including transplantation and drug
screening [2]. Bioprinting technology has evolved from
droplet, extrusion, stereolithography apparatus (SLA), and
digital light processing (DLP) to volumetric and, more re-
cently, ultrasound bioprinting [3]. Different bioprinting tech-
niques also require specific bioink properties. Droplet bio-
printing necessitates low-viscosity bioinks [4], while extru-
sion bioprinting relies on shear-thinning bioinks [5]. DLP
bioprinting requires photo-curable bioinks with moderate
viscosity [6], volumetric bioprinting depends on bioinks with
high light transmittance [7], and ultrasound bioprinting re-
quires acoustically responsive bioinks [8]. Key characteristics
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of an ideal bioink include bioprintability, high mechanical
integrity and stability, insolubility in cell culture medium,
biodegradability suitable for tissue regeneration, nontoxicity,
nonimmunogenicity, and the ability to promote cell adhe-
sion [9]. Furthermore, bioinks should be easy to manufacture
and process, cost-effective, and commercially available [10].
Two primary types of bioinks are used in 3D bioprinting of
tissues and organs. The first and most common type is scaffold-
based bioink, in which cells are embedded within hydrogels
or similar exogenous materials before being bioprinted into
3D structures. Examples include agarose [11], alginate [12],
chitosan [13], collagen type I [14], fibrin [15], gelatin [16],
hyaluronic acid [17], and methacrylated gelatin [18]. These
cell-laden hydrogels support cell proliferation and growth,
facilitating tissue formation [19-21]. The second type is
scaffold-free bioink, which does not rely on exogenous bio-
materials. Instead, cells are bioprinted using a scaffold-free
approach that mimics embryonic development. Examples
include tissue spheroids [22], cell pellets [23], and tissue
strands [24]. In this process, cells first form pre-structured
tissues, which are then used for bioprinting [25]. The printed
tissues are deposited in a specific pattern, allowing them to
fuse and mature into functional tissues on a larger scale [26].
Scaffold-free bioinks enhance cell growth, proliferation, and
diffusion, enabling better integration with surrounding tissues.
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Advancements in bioprinting technology and bioink devel-
opment continue to address the challenges of conventional
tissue engineering, offering more effective solutions for tis-
sue regeneration [27].

The demanding physiological conditions of the human
body impose stringent requirements on the performance of
bioprinted tissues. First, these tissues must exhibit mechani-
cal properties comparable to those of the implantation site
to ensure stability during healing and degradation [28, 29].
Second, they must possess appropriate biological proper-
ties, including long-term cell survival, migration, osmosis,
and substance exchange, all of which are essential for main-
taining structural integrity and biological function [30, 31].
Current 3D bioprinting techniques remain limited, as they
primarily focus on the initial state of the printed object, as-
suming it to be static and inanimate. This approach fails to
achieve an optimal balance between the biological and me-
chanical properties of bioprinted tissues [32]. Additionally,
inaccuracy in the shape of bioprinted constructs presents a
significant clinical challenge, particularly for bone designs
requiring high-resolution precision [33]. Microporous 3D
bioprinting has been developed to address these limitations
by introducing micropores that balance the physical and bio-
logical properties of bioprinted tissues. This technique en-
hances cell survival, migration, infiltration, and material ex-
change in vivo. Multiscale porosity is essential for this pro-
cess and includes the following pore types [34]: (1) macro-
scopic pores/channels (=1 mm), which facilitate nutrient
transport, similar to vascular networks, though insufficient
for supporting tissue-like structures; (2) mesoscale pores
(100 pm—1 mm), which promote nutrient diffusion and slow
degradation, supporting new tissue formation; (3) micro-
pores (1-100 pm), providing structural support and facilitat-
ing nutrient uptake and retention; (4) nanopores (<100 nm),
serving as pathways for small molecules such as proteins
and nutrients. However, most 3D bioprinting studies rely on
dense bioinks with low porosity to preserve mechanical
strength and structural integrity. This design choice results
in inadequate nutrient and oxygen diffusion, ultimately hin-
dering cell migration and proliferation [35—-39]. The fabrica-
tion of bioprinted tissues with multiscale porous networks is
crucial for efficient nutrient and oxygen diffusion, as well
as cellular support, facilitating the development of func-
tional tissues. Porous hydrogel-based bioprinted tissues offer
significant advantages over nonporous ones in 3D cell cul-
ture [40]. For instance, Gupta et al. [41] fabricated complex-
shaped gelatin—gellan composite bioprinted tissues with
multiscale porosity for bone tissue regeneration using a
combination of low-temperature 3D printing and lyophiliza-
tion. Their findings revealed that multiscale porous bioprinted
tissues surpassed those with only micropores and macro-
pores in swelling rate, degradation rate, pore distribution uni-
formity, cell infiltration, attachment, proliferation, protein

production, and mineralization. These results indicated that
multiscale porosity enhanced cell permeation, retention, vi-
ability, proliferation, and the functional generation of extra-
cellular matrix.

In this review, we summarize microporous bioprinting
methods, categorizing them into preprint, inprint, and post-
print processing (Fig. 1). Preprint processing involves gen-
erating microporous structures before bioprinting. Key ap-
proaches include the porous microsphere method, the micro-
gel method, and the gas method. The porous microsphere
method is a hybrid 3D bioprinting technique that integrates
porous bioprinted tissues with extrusion printing, utilizing
cell-laden bioprinted tissues and polymeric microcarriers such
as microspheres. This method enhanced cell adhesion and
proliferation prior to printing, combining traditional bio-
printing with advanced 3D technologies for tissue replace-
ment and biological modeling [42, 43]. The microgel method
employed annealed microgels to improve porosity and modu-
larity, offering an alternative to conventional bioinks with
superior rheological properties for printing diverse struc-
tures [44]. In this approach, cells were located within the
pores between microgel particles, where they typically ad-
hered to the microgel surface. The gas method, inspired by
whipped cream production, generated hydrogel foam bio-
inks with multiscale, interconnected pores ranging from mi-
crometers to several hundred micrometers [45]. Inprint pro-
cessing refers to pore formation during the printing process,
including cryobioprinting and triggered micropore forma-
tion. Cryobioprinting employed cryoprotected bioinks and a
temperature-controlled freezing plate to produce vertical,
high-aspect-ratio, cell-laden hydrogel structures with inter-
connected, anisotropic, gradient microchannels [46]. Trig-
gered micropore formation used microphase separation, in-
duced by stimuli such as body temperature or pH, to create
highly interconnected, cell-sized pores [47]. Postprint pro-
cessing refers to the formation of microporosity after bio-
printing. The emulsion method was a cell-friendly approach
for directly bioprinting microporous hydrogel structures using
aqueous phase emulsion bioinks, which consist of single or
dual aqueous phases or include an oil phase [48, 49]. The
expendable material method involved depositing template
and matrix bioinks layer by layer, followed by the removal
of the template phase to create a network of interconnected
tubular channels [50]. Sacrificial templates included materi-
als such as sugar particles, salt crystals, or bacteria. Addi-
tional postprint processing techniques included femtosecond
laser processing, microalgae-based methods, and recrystalli-
zation techniques. Furthermore, this review discusses the
biological background and current challenges of each appli-
cation, paving the way for the advancement of microporous
bioprinting technology. Finally, we summarize the key chal-
lenges in microporous 3D bioprinting and outline future direc-
tions for its applications.
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Fig. 1 Methods of microporous 3D bioprinting: (a) preprint process; (b) inprint process; (c) postprint process. Created in BioRender. Luo, Z.

(2025) https://BioRender.com/nom1r6v

2 Fabrication method

2.1 Preprint processing

2.1.1 Porous microsphere printing

Conventional bioinks consisted of continuous hydrogel pre-
polymers that served as direct cell carriers, forming a dense
network. To address this limitation, researchers modified or
introduced additional cell carriers to create internal porous
structures that supported cell survival, with porous micro-
spheres exemplifying this approach [51]. Tan et al. [52]
developed bioinks consisting of cell-laden poly(D,L-lactic-
hydroxyacetic acid) (PLGA) porous microspheres encapsu-
lated in agarose—collagen (AC) composite hydrogels. The
highly porous microspheres provided a large surface area
for cell attachment, infiltration, and growth before printing.
Cells were seeded onto the microspheres, allowing them to
infiltrate and proliferate, forming cell-loaded microspheres
(CLMs). These CLMs were then coated with a thin layer of
thermoresponsive AC hydrogel for bioprinting on a chilled
platform, where agarose gelation occurred. Collagen fibrils
formed after culturing the construct at 37 °C (Fig. 2a). The
hydrogel acted as a lubricant during printing, while the addi-
tion of type I collagen enhanced cell adhesion. Micropipette
printing facilitated compact packing. The results demon-
strated successful printing of various cell types, with high
viability and proliferation postprinting. Biocompatibility
was excellent, with cell survival rates exceeding 90% after
2, 7, and 14 d. Additionally, the construct’s mechanical
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strength improved by over 100-fold compared to AC hydro-
gel alone.

This method improved stacking capabilities for fabricat-
ing 3D structures compared to pure hydrogel bioprinting [53].
Volumetric 3D tissues were constructed in multiple layers.
During extrusion printing, microspheres provided a cushion-
ing or shielding effect, minimizing cell damage caused by
shear stress. The printed structures created a conducive 3D
environment for various cell types. Additionally, highly po-
rous microscaffolds facilitated the loading of high-density
cells more effectively than solid scaffolds, promoting accel-
erated degradation after printing. Using cell-loaded microscaf-
folds for 3D bioprinting required lower initial cell densities
than conventional cell-loaded hydrogels or tissue spheres [51].
The selection of microsphere sizes was influenced by the
trade-off between print resolution and cell density, with
smaller microspheres enabling higher resolution. However,
a limitation of this method was that the resolution and speed
of extrusion-based printing remained insufficient for large-
scale tissue fabrication [52].

In recent years, various 3D bioprinting techniques based
on the microsphere method have been developed and
broadly categorized into two types: extrusion bioprinting and
DLP-based 3D bioprinting [54, 55]. Extrusion bioprinting
methods, including nozzle extrusion and inkjet printing,
selectively deposit bioinks at specified locations to con-
struct 3D structures. However, due to physical constraints
of the nozzle or inkjet head, the highest achievable resolu-
tion was typically approximately 50 pm [54]. In contrast,
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@ Springer



852

Bio-Design and Manufacturing (2025) 8:847-876

DLP-based bioprinting selectively delivers photon energy to
targeted locations, crosslinking (curing) biological materials
to fabricate 3D structures. Because light could be precisely
manipulated through optical lenses without being constrained
by a physical aperture, DLP-based methods achieved resolu-
tions on the micrometer or even submicrometer scale [56, 57].
However, the resolution of DLP-based bioprinting was af-
fected by increased light scattering due to high cell densities in
the bioink. To address this issue, You et al. [58] developed a
method to mitigate resolution deterioration by incorporating
iodixanol into the bioink, reducing light scattering tenfold
and significantly improving resolution in high-cell-density
(HCD) bioinks. For bioinks with a cell density of 100 million
cells per milliliter, a fabrication resolution of 50 pm was
achieved. To demonstrate its potential for 3D tissue and
organ bioprinting, they fabricated thick HCD tissue with a
fine vascular network. The tissue remained viable in a per-
fusion culture system, with endothelialization and angiogen-
esis observed after 14 d.

Porous microsphere printing integrates the advantages of
solid scaffolds with emerging bio-3D printing techniques,
enabling the fabrication of multiscale, multicellular 3D tissue
structures. This approach represents a promising strategy for
clinically relevant tissue replacement and the bioprinting of
functional in vitro biological models. Additionally, direct cell
bioprinting using spherocyte aggregates as bioinks has ad-
vanced the engineering of scaffold-free vascular tissues, func-
tional organ modules, and cancer models [59]. Deo et al. [60]
developed a biphasic microsphere bioink composed of
cell-loaded polyethylene glycol (PEG) hydrogel particles
embedded in a continuous gelatin methacryloyl (GelMA)-
nanosilicate colloidal network. fB-islet cells and endothelial
cells were incorporated into the GeIMA-nanosilicate colloi-
dal network within PEG micro-particles. The results demon-
strated that this biphasic bioink exhibited excellent rheologi-
cal properties, high print fidelity, and structural stability.
Furthermore, the microsphere method effectively facilitated
the construction of complex tissue structures containing mul-
tiple cell types and heterogeneous microenvironments [60].

2.1.2 Microgel method

Microgels have emerged as biomaterials with distinct prop-
erties, including injectability for controlled flow, inherent
porosity for structural filling, mechanical support through
interparticle crosslinking, and modularity. Their macropo-
rous structure has demonstrated significant potential in tis-
sue repair by enhancing cell migration and infiltration both
in vitro and in vivo [61, 62]. Granular hydrogels have also
been modified to incorporate growth factors that induce che-
motaxis for cellular infiltration or chemically altered to pres-
ent bioadhesion sites, improving cell migration and behav-
ior [63, 64]. Furthermore, they have been widely utilized as
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in vitro platforms for studying biological processes such as
angiogenesis, cellular outgrowth, and cell condensation by
integrating individual spheres or cell suspensions into their
pores [65, 66].

Microgel scaffolds represent a novel approach in bioma-
terials for accelerating tissue regeneration in the skin, brain,
and heart, as well as for studying cancer onset and progres-
sion. Microgels, derived from various biomaterials such as
PEG, chitosan, alginate, gelatin, and acrylic polymers, have
been investigated for use in bioinks, sphere fabrication, and
stimulus-responsive structures [67]. Additionally, these modu-
lar particulate “inks” are compatible with 3D bioprinting
technology and enable the formation of complex macro-
structures with intrinsic microscopic pores, which improve
nutrient and waste transport while facilitating immediate
cellular infiltration [68].

Microgel bioinks offer the advantage of reduced inherent
flow behavior compared to liquid bioinks. These bioinks ex-
hibited shear-thinning and shear-recovery properties due to
weak particle—particle interactions, which were disrupted by
high shear stresses during nozzle extrusion and reformed
postprinting [44]. When microgels were compressed into a
close-packed state, they demonstrated moderate printability.
The inherent gaps between microgels in this state allowed
for higher cell viability, spreading, and migration compared
to large monolithic materials [68] (Fig. 2c). Despite these
advantages, the microgel method had several limitations, in-
cluding poor scalability, the need for additives such as oils,
and restrictions to low-viscosity polymer solutions [69].
Another limitation of this method was the spherical nature
of the microgel, as the tightly packed mesh restricted inter-
actions between individual spheres and prevented anisot-
ropy in the printed material. Consequently, existing micro-
gel bioinks required secondary crosslinking for stability in
aqueous media and failed to provide essential guidance cues
for aligning cells in anisotropic tissues, such as muscles and
tendons [70]. Kessel et al. [71] demonstrated a simple and
effective approach in which pre-crosslinked bulk hydrogels
were broken down into microchains using a grid with a pore
size of 40-100 pm. During extrusion, these microchains
aligned, promoting myotube organization. The aligned hy-
drogel chains served as effective cues, enabling embedded
cells to form oriented microtubules (Fig. 2b). Their method
produced large quantities of high-aspect-ratio microgels and
addressed many disadvantages associated with spherical mi-
crogel materials.

2.1.3 Gas method

The gas method is a technique for introducing interconnected
multiscale pores into hydrogel networks, utilizing hydrogel
foam bioinks for scaffold bioprinting. Through crosslink-
ing, printed structures formed multiscale, interconnected
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porous networks with pore sizes ranging from a few mi-
crometers to several hundred micrometers [72]. Mostafavi
et al. [45] developed a viscous foam bioink for 3D bioprint-
ing, inspired by the formation of whipped cream. They first
stirred a GeIMA prepolymer solution at high speed using a
homogenizer to create foam, then added 1% polyvinyl alco-
hol (PVA), a synthetic biocompatible polymer, as a surfac-
tant. After foaming, they mixed cells with the GelMA foam
bioink and printed the structures using either a 3D fixer or a
handheld bioprinter. The in vitro and in vivo biocompatibil-
ity of the foam bioink was evaluated through subcutaneous
implantation in rats, with monitoring over four weeks. After
one week of implantation, all foam structures were fully oc-
cupied by cells that had infiltrated the scaffolds, and a sig-
nificant number of microvessels were observed in both the
foam scaffolds and surrounding tissues. In contrast, only
minimal cellular infiltration was observed in most hydrogel
samples. After four weeks of implantation, the foam had
completely degraded and was replaced by new tissue, whereas
the hydrogel sample remained intact as a scaffold within the
subcutaneous tissue. These findings demonstrated that mul-
tiscale interconnected pores in foams significantly enhanced
cellular infiltration, vascularization, and tissue regeneration
(Fig. 2d). Weber et al. [73] further demonstrated the integra-
tion of a DLP printing process with a microfluidic chip sys-
tem to generate size-tunable pores with narrow pore size
distributions in a GeIMA hydrogel matrix. This method en-
abled precise control over bubble formation within GelMA
hydrogel precursors, allowing for tunable pore sizes. The
cytocompatibility of the printed porous scaffolds was evalu-
ated using fibroblasts, confirming high cell viability, as well
as increased cell proliferation, spreading, and migration.

In this approach, pore size was controlled by adjusting
the mixing time, mixing speed, and hydrogel concentration.
Rheological analysis of foam and hydrogel bioinks revealed
that foams exhibited smaller modulus changes and higher vis-
cosity during the sol—gel transition compared to hydrogels,
resulting in more stable and reproducible bioprinting param-
eters [45]. Due to these favorable mechanical and rheologi-
cal properties, this method was also suitable for handheld
printing devices [74]. Foam bioinks have applications in re-
generative medicine, including skin, bone, and blood vessel
repair [45, 74, 75]. Foam scaffolds facilitated scaffold remod-
eling by cells, promoting the formation of aligned fibers
within the injured area. This adaptability allowed scaffolds to
conform to shape defects, eliminating the need for sutures.
Mainardi et al. [76] demonstrated that the gas method could
produce macroscopic bioactive materials with complex 3D
geometries, serving as a platform for novel bioprocessing
applications. Additionally, foam bioinks exhibited strong ad-
hesion to skin tissues, offering enhanced flexibility, ductility,
shape fidelity, and structural stability, as well as improved
adhesion to surrounding tissues in in vitro and ex vivo

studies [77]. These foam scaffolds supported cellular activity
and facilitated tissue integration by enhancing cellular infiltra-
tion and nutrient/waste transport. This, in turn, accelerated
scaffold integration, vascularization, and innervation [78, 79].
However, the method required significant material input, as
only certain materials—primarily protein-based—were suit-
able for constructing stable foam hydrogels, limiting its
broader applicability [45].

2.2 Inprint processing

2.2.1 Cryobioprinting

Traditional 3D extrusion bioprinting has been the most
widely used technology for constructing volumetric struc-
tures layer by layer over the past few decades [80]. Al-
though effective in many applications, these methods have
limitations in fabricating anisotropic tissues, such as muscle
and nerve fibers, which require precise cellular alignment
for proper physiological function [69]. Zhu et al. [81] devel-
oped extracellular matrix scaffolds with parallel microchan-
nels by implanting sacrificial templates subcutaneously, fol-
lowed by their removal and subsequent decellularization.
These scaffolds exhibited exceptional versatility and flex-
ibility, enabling the regeneration of vascularized and inner-
vated neo-muscle, vascularized nerves, and pulsatile arteries
with functional integration. This study underscored the criti-
cal role of cellular arrangement in the functionality of aniso-
tropic tissues. Numerous studies have demonstrated that ice
templating is a widely used technique for fabricating aniso-
tropic materials with microchannels. The pore morphology
was controlled by directing the formation of oriented ice in
solute suspensions [82, 83]. During freezing, ice crystals
formed in the biomaterial solution and propagated in a fixed
direction. Upon crosslinking and thawing, the ice crystals
melted, leaving behind interconnected anisotropic micro-
channels within the scaffold. Luo et al. [46] developed a
vertical 3D cryobioprinting technology that integrated extru-
sion bioprinting, directed freezing, and cryopreservation.
GelMA-based hydrogel scaffolds containing anisotropic mi-
crochannels were fabricated using ice templating (Fig. 3a).
This technique successfully produced column arrays, angled
filaments, multimaterial filaments, and scaffolds with hetero-
geneous filament arrays (Fig. 3b). Their results demonstrated
that bioinks composed of GeIMA and a cryoprotective agent
were effective for vertical 3D cryobioprinting, achieving
high cell encapsulation viability. Directional freezing facili-
tated the formation of interconnected, anisotropic, and gra-
dient microchannels, promoting the directional alignment of
cells (Fig. 3c). Skeletal myoblasts embedded in 3D frozen
bioprinted hydrogel structures exhibited greater viability,
spreading, and alignment compared to those in standard hy-
drogel structures.
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sion from Wiley-VCH GmbH

Wu et al. [84] fabricated dressing scaffolds with a spatial
design using chitosan as the matrix and bioglass as a bio-
component, employing a custom cryoprinting system. Their
findings indicated that the printed scaffolds exhibited an
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interconnected, hierarchical pore structure with good flex-
ibility and water absorption. Additionally, the micro- and mac-
rostructures were highly controllable and reproducible, and
these properties remained unaffected by bioglass content.
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However, this technology has certain limitations. For instance,
the print height was insufficient for some in vivo applica-
tions, necessitating further research. Additionally, cryobio-
printing was integrated with 3D printing to create porous
scaffolds. However, this approach was suboptimal for bio-
printing, as cells needed to be seeded post-scaffold forma-
tion to avoid cold exposure, often resulting in low seeding
density and uneven cell distribution, particularly in scaf-
folds with small pore sizes [85]. To enhance cell viability
during and after the ice templating process, incorporating
biomaterials with cryoprotective agents (CPAs) was essen-
tial. Dimethyl sulfoxide (DMSO) was one of the most com-
monly used CPAs, as it minimized cell membrane damage
at low temperatures by preventing intracellular and extracel-
lular ice crystallization [86]. Saccharides were also widely
used as naturally derived CPAs. Due to their high molecular
weight, saccharides could not penetrate cell membranes and
instead acted on the extracellular surface. Furthermore, they
reduced water contact with cells by increasing the osmotic
pressure of the extracellular medium. Among disaccharides,
melezitose exhibited excellent cryoprotective effects [87].
Cryobioprinting has demonstrated enhanced robustness and
versatility, particularly in designing anisotropic tissues. This
technology holds promise for various applications, including
tissue engineering, regenerative medicine, drug discovery,
and personalized therapy. Additionally, it can be adapted to
multimaterial formats to explore potential applications, such
as fabricating muscle-tendon and muscle-microvascular units.
Wu et al. [84] utilized this method to prepare scaffolds with
high fidelity, hierarchical porosity, and softness, making
them effective as wound dressings for skin regeneration.
Luo et al. [88] further optimized 3D cryoprinting by devel-
oping a strategy that assembled cryoprinted modular struc-
tures. In this approach, bioinks loaded with cells were ex-
truded onto customized cryopanels to form 3D cryobio-
printed modular scaffolds with customizable structures and
functions. After recovery and crosslinking, these modular
structures—featuring uniform or varied compositions—
were assembled on-site, either in vitro or in vivo (Fig. 3d).
This approach addressed major limitations of cryobioprint-
ing by enabling scalable tissue fabrication through modular
assembly. It also facilitated the creation of tissue structures
from identical or different materials, allowing for precise re-
construction of defects of various sizes and shapes.

2.2.2 Triggered micropore forming

Research on cell and tissue structure suggests that porous,
viscoelastic scaffolds that mimic host tissues can enhance
the function of both native and transplanted cells, improv-
ing therapeutic outcomes [89]. However, simultaneously
bioprinting cell-loaded scaffolds with cell-sized pores and a
viscoelastic response remains challenging. Bao et al. [47]

developed a bioprinting approach called “triggered micropore-
forming” (TMF), which utilized a microphase separation
mechanism activated by a slight stimulus to generate highly
interconnected, cell-sized pores in a controlled manner. In this
method, chitosan served as the bioink system, while cyto-
compatible PEG functioned as a crosslinking spacer, com-
peting with chitosan to modulate hydrogen bond strength.
First, the phase separation induction matrix (PSIM) was cre-
ated by mixing sodium bicarbonate with a gelatin slurry.
Bioinks embedded in PSIM were then 3D-printed to incor-
porate cells. Upon extrusion, the bioink reacted with sodium
bicarbonate in PSIM, triggering a pH shift that induced a
bicontinuous microphase of water and chitosan [90]. This
reaction resulted in the formation of pores and a concen-
trated chitosan phase. The bioprinted porous viscoelastic
hydrogel (PVH) scaffolds were stabilized at 37 °C, after
which PSIM was removed. The results demonstrated that
scaffolds produced using this method exhibited viscoelastic-
ity comparable to biological tissues, with tunable porosity
and stiffness. Despite their high porosity, the bioprinted
scaffolds maintained excellent mechanical robustness. Addi-
tionally, the bioprinting method and the resulting scaffolds
supported cell spreading, migration, and proliferation [47].
Dong et al. [91] introduced a method that combined 3D
printing with DLP and polymerization-induced phase sepa-
ration to fabricate 3D polymer structures with digitally de-
fined geometries and controllable submicron-scale porosity.
This approach produced 3D polymer structures with com-
plex geometries and spatially controlled apertures ranging
from 10 nm to 1000 um. By enabling the fabrication of hierar-
chically porous 3D objects with structural features ranging
from 10 nm to the centimeter scale, this method expanded
the capabilities of 3D printing [92]. Compared to TMF, the
polymerization-induced phase separation method provided
finer control over pore size while promoting cell adhesion
and the rapid growth of adherent cells. Bobrin et al. [93]
developed an efficient and versatile process to fabricate
3D-printed materials with controllable nanoscale features.
This method utilized resins containing macromolecular chain
transfer agents (macroCTAs) to form nanostructured materi-
als through microphase separation during light-induced 3D
printing. By adjusting the macroCTA chain length, they
achieved precise control over microphase separation, result-
ing in well-defined nanoscale size and morphology. Com-
pared to TMF, this microphase separation approach enabled
the fabrication of high-resolution multiscale structures, allow-
ing for the fine-tuning of the overall mechanical properties
of the 3D-printed object. This work demonstrated signifi-
cant potential for fabricating layered structural materials for
medical, engineering, and energy applications [93].

The TMF bioprinting method integrates embedded bio-
printing, microphase separation, and viscoelastic hydrogels,
offering several advantages. Microphase separation mitigated
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nozzle clogging and structural collapse while enabling the
use of low-viscosity bioinks, thereby reducing shear-induced
cell damage during extrusion [94]. A key advantage of the
TMF method was its ability to rapidly fabricate uniformly
layered, cell-loaded hydrogels. Despite containing macro-
scopic (100 pm), microscopic (approximately 20 pm), and
nanoscale (<100 nm) pores, TMF-prepared scaffolds exhib-
ited remarkable mechanical toughness due to the concentra-
tion effect of microphase separation, a characteristic not
observed in other bioprinting systems. Another significant
advantage was the ability to independently adjust viscoelas-
ticity, stiffness, and porosity through design modifications.
This was achieved by adjusting pH levels and incorporating
PEG. Additionally, TMF-prepared bioprinted scaffolds fully
supported cell growth and migration with minimal physical
constraints [95]. However, cell survival during pore induc-
tion may have been compromised, resulting in inefficient
cell seeding and uneven distribution. Additionally, research
on this method remained limited, and its potential applica-
tions required further exploration. Bao et al. [47] fabricated
bilayer vocal fold structures by mixing human vocal fold
fibroblasts with 0.02% collagen monomers. They then seeded
human bronchial epithelial cells onto the basement mem-
brane, forming a dense, connected epithelial layer on the
construct’s surface. This porous structure significantly en-
hanced fibroblast spreading compared to nonporous hydro-
gels. Furthermore, the hydrogel maintained structural integ-
rity during coculture, demonstrating the feasibility of TMF
bioprinting for creating pre-shaped, cell-laden scaffolds for
coculture applications. Additionally, Bao et al. [47] bio-
printed breast cancer cells into PVHs for in vitro cancer
modeling. The PVH structure promoted cancer cell prolif-
eration more effectively than nanoporous elastic hydrogel
structures, confirming the compatibility of TMF bioprinting
with cancer cells.

2.3 Postprint processing

2.3.1 Emulsion method

The successful fabrication of large-pore hydrogel structures
via 3D bioprinting is often hindered by nozzle blockages
caused by large particles, particularly in extrusion bioprint-
ing. The emulsion method offers a promising strategy for
generating microporous scaffolds by simultaneously printing
two immiscible phases (Table 1). This approach enables
precise control over porosity and interconnectivity by adjust-
ing the composition, viscosity, and concentration of the
emulsion ink [104]. The emulsion method involves either
two aqueous phases or a combination of an aqueous and an
oil phase (water-in-oil (w/0) or water-in-water (w/w)).

The w/o method utilizes an emulsion-based bioink con-
sisting of an aqueous phase and an oil phase. By adjusting
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the mixing ratio of these components, hydrogels with varying
pore sizes and porosities can be produced [111] (Fig. 4a).
Kim and Kim [48] developed an emulsion-based bioink
composed of methacrylated collagen (CMA) and mineral
oil (MO) loaded with human adipose-derived stem cells
(hASCs). In this biphasic colloidal system, the oil emulsion
phase was formed by dispersing MO in a hydrophilic CMA
solution, which was then uniformly distributed within a con-
tinuous aqueous phase. Their results demonstrated that cell
proliferation and cytoskeletal reorganization were signifi-
cantly enhanced in cellular structures printed with emulsion
bioinks compared to those fabricated using conventional
bioinks. Additionally, controlled release of bioactive mol-
ecules within these structures significantly promoted the
chondrogenic and osteogenic differentiation of hASCs, as
indicated by the expression of relevant genes. However, w/o
methods often involve organic phases or surfactants, which
can be cytotoxic. The w/w method addresses this limitation
by eliminating biotoxicity while retaining the advantages of
the w/o approach [109, 110, 112].

The w/w method forms an emulsion by mixing two in-
compatible hydrophilic biomaterials in an aqueous solution.
Due to the thermodynamic incompatibility of certain water-
soluble polymers, w/w emulsions do not require organic
solvents, distinguishing them from conventional emulsion
inks [113]. Ying et al. [49] utilized an aqueous phase con-
taining two immiscible components—a cell/GelMA mixture
and poly(ethylene oxide) (PEO)—as a bioink to fabricate
pre-designed, cell-loaded hydrogel structures via photocross-
linking. They employed extrusion or stereolithography bio-
printing with digital micromirror devices. The PEO phase was
subsequently removed from the photocrosslinked GelMA
hydrogels, resulting in microporous 3D-bioprinted structures.
Their results demonstrated that cells encapsulated within
these porous hydrogel structures exhibited higher viability,
spreading, and proliferation compared to those in standard
nonporous hydrogels (Fig. 4b). Messaoud et al. [114] devel-
oped an adjustable aqueous two-phase system composed of
photocrosslinked GeIMA and dextran. By varying the pH
and dextran concentration, they generated microgels with
three distinct architectures: homogeneous nonporous, regu-
larly disconnected pores, and bicontinuous structures with
interconnected pores. Their findings revealed that all three
hydrogel types supported cell growth with distinct pheno-
typic characteristics, maintaining high viability and expected
morphology after seven days of culture.

However, aqueous two-phase emulsified bioinks in this
method exhibited instability and short storage time of only a
few minutes before phase separation occurred, reducing their
micro-reforming capacity. This limitation was particularly
problematic in DLP-based bioprinting, where the bioink
needed to remain in the liquid phase throughout the process;
unexpected phase separation could compromise printing
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Table 1 Emulsion method

Combination method

Printing method

Application

Advantage

Disadvantage

w/o

w/w

Macromolecular NaHCO3/

crowding

w/mineral oil [48] @ Extrusion-based

3D bioprinting [48]

w/soybean oil [96]
w/corn oil [97]

w/peanut oil [98]

GelMA/PEO [49] @ Extrusion-based

GelMA/dextran/ 3D bioprinting
GGMMA [99] (102, 104]
@® DLP [100, 105]
GelMA/ @ Pre-shear
dextran [100] bioprinting [106]
GelMA/PCL/
PEO [101]
SF-dECM/
PEG [102]

® DOD

PVP [103] bioprinting [103]

@ Bone and cartilage
tissue
engineering [48]

@® Wound
healing [107]

@ Bone and cartilage
tissue engineering
[100, 102]

@ Lung cancer cell
culture in
vitro [105]

@ Reconstruction of
the hierarchical
porous
structure [103]

@ Fabrication of
complex 3D tissue
models [103]

@ Easier to regulate the
stability of the
scaffold [108]

@® Good cytocompatibility
and allowing for the
simultaneous embedding
of cells [109]

@ The emulsion does not
require biotoxic organic
solvents [110]

@ Higher cell viability,
spreading, and
proliferation [49]

@ The incorporation of
organic phases or
surfactants is often
biotoxic [48]

@ The emulsion bioink is
not stable [48]

@ The microporous
network is insufficient
to meet the nutrient
demands of large
tissue structures [49]

@ The limited time
window for
bioprinting [100]

@ Accelerates the process of @ Relatively little

collagen fiber
formation [103]

@ Modulates the collagen
structure in a controlled
manner [103]

research and
application [103]

GelMA: gelatin methacryloyl; PEO: poly(ethylene oxide); GGMMA: methacrylate galactoglucomannan; PCL: polycaprolactone; SF-dECM: silk fibroin
and decellularized extracellular matrix; PEG: polyethylene glycol; DLP: digital light processing; PVP: polyvinylpyrrolidone; DOD: drop-on-demand

quality [100] (Table 1). To address this, Qin et al. [104]
developed biosurfactant-stabilized rhamnolipid micropore-
forming GelMA-based inks, while Tao et al. [108] formu-
lated emulsion-based bioinks by mixing aqueous dextran
microdroplets with GeIMA solution, further stabilizing them
with p-lactoglobulin nanoparticles. Their results demonstrated
that incorporating biosurfactants significantly improved the
stability of micropore-forming GeIMA ink. To further enhance
aqueous emulsion stability, Wang et al. [99] integrated the
preparation and assembly of GelMA microgels into a ternary
aqueous emulsion system. They incorporated plant-derived
methacrylated galactoglucomannan (GGMMA) into a dis-
persed phase of GeIMA droplets, using dextran as the con-
tinuous phase. Dextran removal through medium leaching
facilitated micropore formation within the hydrogel struc-
ture, which in turn promoted cell proliferation and infiltra-
tion. Despite these advancements, generalizing this approach
to other hydrogels remained challenging due to the require-
ment for phase separation in aqueous solutions. Additionally,
microporous networks with pores up to tens of micrometers
might be insufficient to meet the nutritional needs of larger
tissue structures. The emulsion method also exhibited lim-
ited pore interconnectivity and bioink emulsion instability,
restricting the viable time window for bioprinting.
Macromolecular crowding (MMC) occurs in both inter-
cellular and intracellular spaces, influencing cellular biochem-
istry by regulating key processes such as protein folding

and nucleic acid interactions. The core of this method was
the emulsion process (Table 1). Ng et al. [103] proposed a
single-step drop-on-demand (DOD) bioprinting strategy
using a macromolecule-based bioink to fabricate hierarchi-
cally porous collagen-based hydrogels. They employed poly-
vinylpyrrolidone (PVP) as a printable polymer bioink and
deposited nanometer-sized collagen monomers as droplets.
Crosslinking agents (NaHCO3) and PVP macromolecules
were strategically positioned to control pore size within each
printed collagen layer, enabling the formation of complex 3D
hierarchically porous collagen structures. Experimental re-
sults demonstrated that in their bioprinting—macromolecular
crowding process, the collagen structure (pore size and poros-
ity) in each printed layer could be controlled by adjusting
the PVP concentration. The presence of PVP macromolecules
accelerated collagen fiber formation and modulated collagen
structure in a controlled manner. These findings suggested
that regulating the number of macromolecule-based bioink
droplets printed on each collagen layer allowed for the fabri-
cation of hierarchically porous collagen structures.
Advancements in the emulsion method have led to the de-
velopment of various bioinks for wound dressing and heal-
ing. GeIMA-based aqueous two-phase emulsion bioinks have
been integrated into handheld bioprinting systems, allowing
convenient, shape-controlled in situ bioprinting. The pore-
forming properties of emulsion bioinks facilitated fluid and
oxygen transport, as well as cell proliferation and spreading,

@ Springer



858 Bio-Design and Manufacturing (2025) 8:847-876

After
printing

After

washing Pre-gel Crosslinked Non-spreading ... Spreading
B, 0 coma [P0 @ T cell

[[] Matrix ink (e.g., GelMA) + tissue cells Endothelial cells
[ Templating ink (e.g., gelatin) + endothelial cells

Collagen
hydrogel

/| [ “
Media

- Patterned
channels
r's

channels 3
[ ¢
L AN

N

Bioprinted C. reinhardfti Bioprinted C. reinhardftii within
at25°C GelMAat 25 °C

Day 3 Day 3 Day 7

.
™ Bioprinted C. reinhardtii within

Bioprinted C. reinhardtii GolMA at 37 °C
at37°c

Days

B8 HepG2 cells + C. reinhardtii
15 3 HepG2 cells

Laser beam -.

—
Laser beam
scanning
in the
hydrogel

exposure

Oxygen at 37 °C (mg L")

1 2 3 4
Days

£
m 1'mm

| Bioprinted C.reinhardtii Open channels within GelMA after  Bioprinted C. reinhardtii ~ Open channels within GelMA after
| within GelMAat 25 °C cellulase treatment at 25 °C within GelMA at 37 °C cellulase treatment at 37 °C

seeding of | 2
endothelial o

cells Microchannel

.| i
Formation of confluent
cell monolayer

Fig. 4 Postprint processing. (a) Schematic representation of 3D printing hydrocolloid inks using cure-on-dispense to generate hierarchically porous
structures. Reproduced from [111], Copyright 2018, with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Diagram
illustrating the 3D bioprinting of a porous hydrogel structure using two-phase aqueous emulsion bioink, compared to a conventional hydrogel
structure. Reproduced from [49], Copyright 2018, with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic
of the void-free 3D printing process, where a biocompatible templating bioink (green) and a matrix bioink (yellow) were printed side by side,
followed by photocrosslinking of the matrix phase and incubation at 37 °C to release the templating phase. Reproduced from [50], Copyright
2019, with permission from the authors, licensed under CC BY. (d) 3D laser-based cavitation molding for vascularized tissue models. Repro-
duced from [129], Copyright 2022, with permission from the authors, licensed under CC-BY-NC-ND. (e) Growth of bioprinted C. reinhardtii and
measurement of dissolved O levels in the medium. Reproduced from [133], Copyright 2020, with permission from Elsevier Inc.

while maintaining flexibility to withstand repeated mechani-  GelMA and dextran biphasic emulsions to create porous
cal compression [107]. The combination of emulsion-based  scaffolds via DLP printing. Their results demonstrated that
3D bioprinting with stem cells holds significant potential  these scaffolds promoted cell proliferation, spreading, and
for cranial defect reconstruction. Tao et al. [100] used bone defect repair. Zhang et al. [102] developed a bioink
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composed of two immiscible aqueous phases, GelMA and
dextran, to construct cartilage tissue structures. This ap-
proach enabled the formation of a crosslinker-free biologi-
cal linkage with mechanical strength and biological activity
comparable to the native cartilage extracellular matrix (ECM).
Gonzalez-Fernandez et al. [115] introduced a non-viral, gene-
activated bioink capable of controlling plasmid gene delivery
to stem cells in both time and space. Their findings under-
scored the potential of emulsion-based methods for thera-
peutic gene delivery, enabling spatially directed stem cell
differentiation and the engineering of complex tissues.

2.3.2 Expendable material method

The expendable material method is a direct 3D bioprinting
strategy that enables the fabrication of complex, free-form 3D
structures using tunable sacrificial bioinks. Under specific
conditions, the sacrificial template is removed, creating an
extensive pore network.

Various sacrificial inks have been explored (Table 2).
Gelatin microgel, with its reversible thermal crosslinking
mechanism and superior biological properties, has been
widely used as a sacrificial ink [120]. Shao et al. [121] de-
veloped a sacrificial microgel bioink strategy featuring me-
soscale pore networks (MPNs) for direct bioprinting, aiming
to enhance nutrient delivery and cell growth. Their bioink,
composed of a cell/GelMA mixture and gelatinized gelatin
microgel, was first thermally crosslinked to fabricate pre-
designed, cell-loaded structures on a cold platform via extru-
sion bioprinting. The structure was then permanently stabi-

Table 2 Expendable material method

lized through photocrosslinking with GelMA. The MPNs
within the printed structure formed after the dissolution of
the gelatin microgel. The results demonstrated that osteo-
blasts and human umbilical vein endothelial cells encapsu-
lated in bioprinted, large-sized (=1 cm) MPNs exhibited
enhanced bioactivity during culture. This finding suggests
that their 3D bioprinting strategy improved cell survival in
MPN-containing bioprinted structures and promoted the
corresponding in vivo behavior of the encapsulated cells.
Additionally, PEG, polyvinyl alcohol (PVA), and sugar par-
ticles have been used as sacrificial templates. Xu et al. [119]
introduced a novel technique employing live bacteria as sac-
rificial porogens to create microporous hydrogel scaffolds.
They mixed Escherichia coli with an agarose solution and
solidified the mixture in a 12-well plate. The bacteria
formed colonies within the hydrogel, which were later lysed.
Subsequent washing with Dulbecco’s phosphate-buffered
saline and deionized (DI) water removed bacterial frag-
ments and DNA, leaving behind a porous structure. This
method enabled precise control over porosity, pore connec-
tivity, and mechanical properties, facilitating dynamic scaf-
fold design.

The expendable material method enabled the creation of
complex porous structures with lower energy consumption,
allowing modulation of the total void ratio while maintain-
ing rheological properties suitable for bioprinting. This re-
sulted in structures that promoted cell migration and infiltra-
tion [122]. During 3D printing, the presence of pores often
led to structural instability, causing the top layer to buckle
and deform the pores in the bottom layer [123]. Traditional

Expendable material Base material ~ Sacrifice method

Application Ref.

Pluronic F127 Alginate @® Washing
Gelatin microgel GelMA @ Changing temperature
Gelatin templated microgel F-GelMA @ Changing temperature
(gelatin/Pluronic F127/ HAMA
gum Arabic)
CSMA
DexMA
Dextran PEGA @ Washing
GelMA
SilMA
PEO GelMA ® Washing
PVA Alginate @® Washing
Agarose
PRP
E. coli Agarose @® Washing

[116]
[117]

@ Bone and cartilage tissue engineering

@ Enhancement of cellular activities by facilitating the
effective oxygen and nutrient diffusion

@ Enhancement of cellular activities
@ Mineral formation in osteoblast-like cells

[117]

@ Enhancement of cellular activities [108]
@ Cartilage tissue engineering
@ Enhancement of cellular activities [49]

@ Enhancement of cellular activities
@ Biomanufacturing of clinically relevant prevascularized
tissues or organs

[118]

@ Permission to seed stem cells and other cell types [119]

PEO: poly(ethylene oxide); GeIMA: gelatin methacryloyl; F-GelMA: cold fish GeIMA; HAMA: methacrylate hyaluronic acid; CSMA: methacrylate
chondroitin sulfate; DexMA: methacrylate dextran; PEGA: 8-arm polyethylene glycol acrylate; SiIMA: silk fibroin methacrylate; PVA: polyvinyl alco-

hol; PRP: platelet-rich plasma
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expendable material methods sacrificed key advantages
such as speed, simplicity, and the ability to additively manu-
facture matrix components. Additionally, post-seeding proved
inefficient and poorly controlled, often leading to uneven
cell distribution (Table 2). Ouyang et al. [50] developed a
novel bioprinting method that fabricated complex 3D vascu-
lar networks in a single step, eliminating the need for mate-
rial casting or late cell seeding. The researchers used two
bioinks: a gelatin-based template and a photocrosslinkable
matrix, printed side by side to form seamless 3D structures.
After photocrosslinking, the gelatin liquefied at 37 °C, cre-
ating template channels. This approach prevented lattice
bending, channel fusion, and swelling while enabling the
formation of interconnected tubular pores and allowing the
use of low-concentration bioinks. Compared to other sacrifi-
cial bioprinting strategies, it offered greater efficiency, uni-
formity, and control over cell density [50] (Fig. 4c). How-
ever, sacrificial templates exhibited limited in vivo remodel-
ing capabilities due to their resistance to degradation by hu-
man cells. Additionally, maintaining different phases of
gelatin porins during in vivo injections proved challenging
due to variations in melting points. Hidalgo et al. [124] de-
veloped a porous injection system using photocrosslinked
salmon gelatin and physically crosslinked porcine gelatin.
In this system, porcine gelatin remained solid, while salmon
gelatin remained liquid during injection. After injection and
photocrosslinking, the porins degraded at physiological tem-
peratures, forming a uniform porous structure. This method
provided controlled gel kinetics, low viscosity, reduced in-
jection force requirements, robust mechanical properties,
and excellent cell compatibility.

Advances in the expendable material method have demon-
strated significant potential for constructing tissue structures,
regenerative medicine, organ printing, and drug delivery ap-
plications (Table 2). Zhou et al. [125] developed a catechol-
functionalized ink system to fabricate scaffolds with en-
hanced toughness and elasticity, utilizing sacrificial gelatin
to generate microchannels. Their findings indicated that the
3D printing platform, based on the sacrificial method, pro-
vided a promising approach for skin regeneration and could
be further refined by incorporating additional cell types to
construct functional skin tissues. Xie et al. [126] proposed
an innovative bioink in which thermally crosslinked sacrifi-
cial gelatin microspheres, encapsulating human umbilical
vein endothelial cells, were prepared using an electrospray-
ing method as an auxiliary component. The GeIMA precur-
sor solution, mixed with the subject cells, served as the pri-
mary component. Their successful in vitro printing of hu-
man breast tumor tissues with angiogenesis validated the
sacrificial method’s capability to construct large, vascularized
tissues at the centimeter scale. Shen et al. [127] utilized two
types of bioinks for bone printing: one served as a matrix bio-
ink, consisting of a photocrosslinked extracellular matrix
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hydrogel. Their work further demonstrated the expendable
material method’s potential for tissue repair.

2.3.3 Other methods (femtosecond laser/microalgae/
recrystallization)

3D tissue models that replicate human physiology are essen-
tial for biomedical research and hold significant potential as
tools for drug development. Integrating and defining the mi-
crovascular system within these models is critical for opti-
mizing cellular function. However, conventional bioprinting
methods primarily allow for the fabrication of hydrogel
scaffolds containing vessel-like structures with large diam-
eters and simple geometries [128]. Recent advances in laser
photoablation have improved the resolution and complexity
of these structures. However, the thermal ablation proper-
ties of this process, along with material decomposition,
pose compatibility issues with protein hydrogels and embed-
ded cells. To overcome these limitations, Enrico et al. [129]
introduced a femtosecond laser-based method. In this ap-
proach, laser irradiation of the hydrogel generated cavita-
tion bubbles, which rearranged collagen fibers to form
stable microchannels. The use of femtosecond infrared laser
pulses minimized thermal effects and mechanical stress,
preserving cell viability while enabling the formation of 3D
channels in hydrogels loaded with cells and organoids. En-
dothelial cell culture and cellular media perfusion further
supported the creation of artificial microvessels. This
method demonstrated strong potential for constructing 3D
tissue models with complex microvascular structures, facili-
tating research on intricate tissue systems, including tumors
and neural tissues (Fig. 4d).

Adequate and homogeneous oxygen (O3) distribution is
essential for cell growth, while insufficient oxygen supply has
been shown to induce cell death in 3D tissue structures [130].
Due to the limited diffusion of oxygen in thick 3D matrices,
hypoxia typically occurs, especially in the central regions,
when the tissue structure exceeds a few hundred microm-
eters to several millimeters in thickness [131]. The microal-
gae method utilizes photosynthetic microalgae as an oxygen
source within engineered tissue structures, particularly for
porous scaffold formation. Lode et al. [132] employed 3D
mapping techniques to embed Chlamydomonas reinhardtii
(C. reinhardtii) into a 3D alginate scaffold. Under illumina-
tion, cell proliferation increased, and oxygen production rose
rapidly during further incubation. They also developed a co-
culture system that spatially organized human cells and mi-
croalgae within the scaffold, allowing microalgae to deliver
oxygen or secondary metabolites as therapeutic agents. Maha-
rjan et al. [133] incorporated bioprinted C. reinhardtii within
sacrificial structures into GelMA-based hydrogel constructs
containing liver-derived cells. They evaluated oxygen avail-
ability generated by C. reinhardtii and its ability to support
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the viability and function of human liver-derived cells within
the tissue constructs. Their findings demonstrated that the
presence of bioprinted C. reinhardtii enhanced mammalian
cell viability and function while reducing hypoxic conditions.
Additionally, the endothelialization of hollow, perfusable
microchannels—formed after the removal of the bioprinted
C. reinhardtii-laden patterns—resulted in biologically rel-
evant, vascularized mammalian tissue structures (Fig. 4e).

The microstructure of 3D scaffolds plays a critical role in
determining their performance and applications. Both mac-
ropores (hundreds of microns in size) and micropores (a
few microns in size) significantly influence cellular behav-
iors such as adhesion, migration, and proliferation within
scaffolds [134]. However, precisely generating micropores
in the few-micron range remains challenging with current
methods. The recrystallization method presents a potential
solution by combining 3D printing with immersion of re-
crystallized salts, allowing for the fabrication of scaffolds with
controlled macropores and micropores. In this approach, a
CaCl;y solution was applied to the printed scaffold until it
was fully covered. As the alginate scaffold dehydrated, NaCl
crystals gradually formed within the matrix. Upon incubation
in water, the dissolution of NaCl crystals generated numerous
micropores within the alginate structure. The size and distri-
bution of these micropores were controlled by adjusting the
sodium ion concentration in the alginate ink. These micro-
pores were tailored to enhance adsorption, protein delivery,
and mechanical strength of the scaffold [135].

2.4 Comparison of fabrication methods

The efficiency of pore formation is a critical factor in micro-
porous 3D bioprinting and varies based on whether the
process belongs to preprint, inprint, or postprint. Preprint
methods, such as the microsphere and microgel approaches,
require the prior preparation of porous microspheres or mi-
crogels, which can reduce overall printing efficiency. In
contrast, inprint methods facilitate natural pore formation
during printing, eliminating the need for additional steps
and improving pore-making efficiency. Postprint methods
require extra processing to induce pores after printing, lead-
ing to lower efficiency [47].

The scalability of pore-making methods is critical for the
success of microporous 3D bioprinting. Microgels, emerg-
ing as promising biomaterials, possess unique properties but
have limitations such as poor scalability, reliance on addi-
tives like oils, and restriction to low-viscosity polymer solu-
tions [67]. However, they offer greater structural integrity
than liquid bioinks, making them suitable for specific appli-
cations [68]. In contrast, cryobioprinting enables highly con-
trollable and reproducible micro- and macrostructures while
producing scaffolds with excellent flexibility and water
absorption, making it highly scalable [46]. Similarly, the

microphase separation method allows for independent con-
trol of viscoelasticity, stiffness, and porosity, further enhanc-
ing scalability [47].

Different microporous 3D bioprinting methods offer dis-
tinct advantages for specific applications. Porous microsphere
printing provides superior stacking ability, making it ideal
for bone [52] and cartilage repair [136]. The microgel method,
with its lower inherent flow behavior, is well-suited for car-
tilage repair [44] and wound healing [68]. Foam bioinks offer
high flexibility, ductility, shape fidelity, structural stability,
and strong adhesion to surrounding tissues, making them
suitable for muscle fabrication [45]. Cryobioprinting enables
the fabrication of controlled, anisotropic, interconnected mi-
crochannels, making it optimal for muscle-tendon repair [46].
Triggered micropore formation allows for the rapid fabrica-
tion of uniformly layered, cell-loaded hydrogels, making it
effective for vocal cord repair [47]. The emulsion method,
which provides greater control over scaffold stability, is
used in bone [100] and cartilage repair [102]. The expend-
able material method enables modulation of the total void
ratio while maintaining rheological properties suitable for
bioprinting, making it applicable for neurofibril [137] and
heart tissue fabrication [118].

3 Application

Conventional scaffolds often exhibit submicron or nanoscale
structures or, in some cases, lack porosity, which restricts cell
growth and proliferation [138]. Ideal microporous 3D scaf-
folds should mimic the ECM, creating an optimal microen-
vironment for cell migration and proliferation, thereby pro-
moting tissue regeneration. In microporous 3D bioprinting,
scaffolds fabricated using various techniques—such as
those described above—are typically composed of biode-
gradable natural or synthetic biomaterials, cells, and bioac-
tive factors. These scaffolds effectively control and guide
localized tissue regeneration [139]. As a result, microporous
3D bioprinting shows significant promise for a wide range
of applications, including the creation of artificial tissues
and organs, as well as tissue defect repair.

3.1 Construction of artificial tissues and
organs

3.1.1 Vasculature

Cells embedded within tissue structures require an optimal
supply of nutrients and oxygen, as well as efficient waste re-
moval, to remain viable and functional [140]. The diffusion
of growth factors and other signaling biomolecules is equally
essential for regulating cellular behavior. Large tissues and
organs rely on a complex vascular system to ensure adequate
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blood flow, deliver necessary nutrients, and sustain essen-
tial functions. Thus, incorporating vascular-like structures is
crucial for constructing functional tissues suitable for regen-
eration and developing in vitro models for studying disease
mechanisms and screening drug compounds [141].

To date, researchers have employed various biofabrica-
tion strategies and techniques to enhance the physiological
relevance of vascular models and address the limitations of
two-dimensional cell cultures. 3D bioprinting has been used
to replicate complex blood vessel geometries. Techniques
such as scaffold-free direct ink writing, embedded bioprint-
ing, photo-assisted bioprinting, sacrificial molding, and co-
axial bioprinting have all been applied to mimic the intri-
cate structure of vascular networks [142]. Despite significant
advancements in bioprinting technology, fabricating com-
plex vascular structures remains challenging, as it requires
printing bioinks that must simultaneously support living
cells and maintain vascular integrity. These challenges have
led some studies to explore alternatives beyond direct 3D
printing for vascular structure fabrication. Shao et al. [106]
proposed a pre-sheared bioprinting strategy to create highly
oriented porous hydrogel microfibers for vascular tissue
construction. They mixed a polymer thickener (PEO) with a
hydrogel precursor (GelMA) to generate a viscous, porous
bioink. When the GeIMA/PEO solution passed through a
transparent glass tube connected to a coaxial nozzle, the
GelMA was photocrosslinked in situ, forming highly oriented
porous microfibers. Additionally, they demonstrated the fab-
rication of heterogeneously oriented microfibers and their
artificial assembly. When endothelial cell fibers and cancer
cell fibers were cocultured and assembled, the cells exhib-
ited growth behaviors similar to those observed in vivo.

Sacrificial bioprinting is widely used to construct vascu-
larized tissues, typically by selectively removing fibers to
create permeable channels. There are two main types of sac-
rificial templates: gelatin-based and carbohydrate-based [143].
Gelatin is commonly utilized due to its excellent biocompat-
ibility, allowing endothelial cells to be directly encapsulated
in gelatin bioinks during bioprinting. The gelatin solution
solidifies at lower temperatures but liquefies at approxi-
mately 37 °C, facilitating the removal of gelatin-based sacri-
ficial templates. Additionally, the strong mechanical proper-
ties of carbohydrates support the fabrication of multilayered,
interconnected vascular systems on a larger scale [144].
Ouyang et al. [50] addressed two major challenges in tissue
vascularization: maintaining structural fidelity and achiev-
ing effective endothelialization. They developed a versatile
3D bioprinting strategy that involved depositing template
bioinks layer by layer alongside matrix bioinks to construct
void-free, multimaterial structures. After the matrix phase
was crosslinked, the template phase was sacrificed, creating
a 3D network of interconnected tubular channels (Fig. 5a).
The results demonstrated that this void-free 3D printing
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(VF-3DP) method efficiently cellularized the inner surface
of the channels by preloading endothelial cells into the tem-
plate bioink, forming a fused endothelial layer. This in situ
endothelialization approach generated a more homogeneous
endothelial cell distribution than the traditional post-seeding
method. Currently, the sacrificial method remains the most
common and effective approach for vascular construction.

3.1.2 Bone

Natural bone exhibits a hierarchical structure with pores
spanning multiple length scales, and studies have shown that
multiscale porosity enhances the in vitro and in vivo perfor-
mance of scaffolds [145]. Pores of different sizes serve dis-
tinct functions: smaller, well-connected cell-scale pores pro-
mote cell proliferation, migration, and nutrient diffusion,
while pores of at least 50 pm (ideally 300 pm) facilitate
bone tissue deposition [146]. However, multiscale porosity
is often overlooked in bone tissue scaffold fabrication, with
pore sizes typically limited to a single order of magnitude.
This constraint restricts cellular penetration into the bulk
material, reducing mass transport and nutrient availability.
To address this challenge, incorporating an additional layer
of larger pores (>200 pm) into the scaffold can create an
optimal multiscale pore structure for bone tissue, integrating
three pore size categories: interconnections, standard pores,
and large pores [147]. Moreover, the ECM of bone tissue
forms a complex, multi-component microenvironment. De-
spite advances in fabrication techniques and synthetic mate-
rials, replicating its specificity and structural complexity
remains a significant challenge.

Previous methods for generating larger pores in scaffolds
focused on creating large water droplets in the initial emul-
sion. This was achieved by applying high temperatures or
solvents to destabilize the emulsion in a controlled manner,
allowing droplets to aggregate into larger ones. However,
these methods altered the overall scaffold pore network,
forming larger droplets rather than increasing overall poros-
ity. Additionally, these approaches impacted pore connectiv-
ity. When the phase membrane surrounding neighboring
droplets was sufficiently thin, pore interconnections formed
during polymerization, leading to the development of small
interconnected pores [148]. To overcome these limitations,
Wang et al. [149] developed a bioprinting system based on
combinable gradient DLP, integrating a microfluidic mixer
to generate continuous or discrete gradients of the desired
bioink in real time. Various planar and 3D structures exhib-
ited continuous gradients in material composition, cell den-
sity, growth factor concentration, hydrogel stiffness, and
porosity in both horizontal and vertical directions (Fig. 5b).
To more accurately replicate the complex heterogeneous tis-
sue patterns of natural bone, dual or multiple gradients in
tissue-simulating structures are essential. Wang et al. [149]
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Fig. 5 Application of microporous 3D bioprinting. (a) Representative fluorescence micrographs comparing the conventional post-seeding method
with in situ seeding, used to evaluate the homogeneity and efficiency of cell seeding. Reproduced from [50], Copyright 2019, with permission
from the authors, licensed under CC BY. (b) Schematic of a bioprinted 3D construct encapsulated with MSCs, used to investigate the osteogenic
effects of dual gradients of porosity and BMP-2. Reproduced from [149], Copyright 2021, with permission from Wiley-VCH GmbH. (c) Fluo-
rescence micrographs showing the expression of F-actin (red) and CYP3A (green) by HepG2 cells within a GeIMA construct at Day 7, with and
without C. reinhardtii. Nuclei were counterstained with DAPI (blue). Reproduced from [133], Copyright 2020, with permission from Elsevier
Inc. (d) Schematic illustration of 3D-bioprinted void-forming hydrogel constructs designed for implantation. Reproduced from [100], Copyright
2022, with permission from the authors, licensed under CC-BY-NC-ND. (e) Schematic of HA-TYR microgel bioinks with tunable porosity and
their application in bioprinting cartilage tissues. Reproduced from [44], Copyright 2022, with permission from the authors, licensed under CC

BY. DAPI: 4',6-diamidino-2-phenylindole

further incorporated a second biological gradient of bone
morphogenetic protein 2 (BMP-2) into the porosity gradient
structure to enhance osteogenesis in mesenchymal stem cells
(MSCs). In a four-week osteogenesis study, MSCs in 3D
constructs bioprinted with a dual gradient of BMP-2 and po-
rosity grew in clusters, populating the pore regions of the
hydrogel. Cell spreading and proliferation increased in areas
with higher porosity. Additionally, immunofluorescence stain-
ing, gene expression analysis, and calcium deposition data
strongly suggest that the dual gradient of porosity and BMP-2
effectively stimulated osteogenesis in MSCs, closely mimick-
ing the structure of natural bone tissue.

High internal phase emulsions (HIPEs) have recently been
explored for bone tissue engineering. Sengokmen-Ozsoz
et al. [150] combined emulsion templating with 3D printing to
examine how varying concentrations of tartrazine, used as a
photoabsorber, influenced the porous structure of inner-phase
emulsions in acrylate-based polymerization media prepared
via vat photopolymerization. They evaluated cell behavior
on 3D-printed disk samples using MG-63 cells, assessing

metabolic activity, adhesion, and morphology. The results
demonstrated that HIPEs could serve as resin for 3D printing
trabecular bone mimics, with potential applications in devel-
oping lab-on-a-chip models for healthy and diseased bone
tissue. Du et al. [151] developed a novel approach for de-
signing polymeric high internal phase emulsion (polyHIPE)
scaffolds with microchannels and multiscale porosity using
3D-printed water-soluble PVA sacrificial molds. This method
utilized fused deposition modeling to produce two sacrificial
mold variants filled with HIPE, which were later dissolved
to form polyHIPE scaffolds containing microchannels. In
vitro evaluations demonstrated that microchannels signifi-
cantly enhanced cell infiltration, proliferation, and osteo-
genic differentiation, underscoring their beneficial effects on
cell behavior. These findings have promising applications
in bone tissue engineering and regenerative medicine and
are expected to facilitate the clinical translation of such bio-
material scaffolds. Currently, the emulsion method remains
the most widely used and suitable approach for biomanufac-
turing bone tissue.
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3.1.3 Liver

The liver possesses a remarkable regenerative capacity, even
after significant damage. Its functional unit, the hepatic
lobule, is a hexagonal structure approximately 1 mm in
length and 2 mm in thickness. These lobules perform essen-
tial roles in exocrine and endocrine metabolism, as well as
detoxification. Collectively, millions of lobules form the
Couinaud segments that constitute the liver [152]. In recent
years, various techniques have been employed to create biomi-
metic liver tissues, beginning with two-dimensional cultures
of parenchymal cells, which have demonstrated successful
differentiation [153]. However, these simple techniques fail
to replicate the complex microenvironment necessary for
cell-ECM interactions, thereby limiting cell survival.

Recently, microporous 3D bioprinting techniques have
been employed to fabricate liver-like microstructures. One
study proposed a method using liver spheroids instead of
individual liver cells in bioprinting. This approach protected
cells from shear stress during the printing process and pro-
moted volumetric cell-cell interactions. Bioprinted liver
spheroids embedded in GelMA hydrogel maintained long-
term functionality for up to 30 d, stably secreting liver bio-
markers such as albumin, ceruloplasmin, alpha-1 antitrypsin
(A1AT), and transferrin. These findings demonstrated that the
microsphere method could be broadly applied in 3D bioprint-
ing of liver tissues [154]. Maharjan et al. [133] embedded bio-
printed C. reinhardtii sacrificial structures into GelMA-based
hydrogel constructs containing liver-derived cells. They
assessed the oxygen availability produced by bioprinted
C. reinhardtii and its ability to support the viability and func-
tion of human liver-derived (HepG2) cells within tissue con-
structs (Fig. 5¢). They also investigated the feasibility of form-
ing hollow microchannels through incubation and enzymatic
removal of bioprinted C. reinhardtii patterns, followed by
endothelial cell implantation to create vascularized liver tissue-
like structures. Currently, the microsphere method remains
the most suitable and widely used approach for biomanufac-
turing liver tissues.

3.2 Tissue defect repair

3.2.1 Wound healing

The skin is the body’s largest and fastest-growing organ,
serving as a critical barrier against external damage. How-
ever, it is highly susceptible to injury. Traumatic wounds,
such as third-degree burns and total dermal defects, pose
significant challenges due to the skin’s limited regenerative
capacity. Consequently, donor skin tissues or bioengineered
human skin constructs (HSCs) are often required to support
the regeneration process [155]. In recent years, 3D-bioprinted
skin structures have gained considerable attention for clinical
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applications in skin repair and transplantation. Most prior
research on skin bioprinting has focused on using keratino-
cytes (KCs) and fibroblasts (FBs) to fabricate 3D skin struc-
tures, which typically lack intrinsic pigmentation. Melano-
cytes (MCs), essential components of the epidermal melanin
unit, play a crucial role in skin pigmentation and are vital
for developing more accurate in vitro skin models. While
some studies have integrated MCs into 3D-bioprinted skin
to create pigmented models [156], achieving consistent and
homogeneous pigmentation remains a significant challenge
requiring further investigation.

Microporous 3D bioprinting technology enables the pre-
cise deposition of various living cells and biomaterials, fa-
cilitating the fabrication of biomimetic tissue structures. Ng
et al. [157] employed a two-step DOD bioprinting strategy,
initially fabricating hierarchical porous collagen-based struc-
tures, followed by the deposition of epidermal cells. This
method successfully generated biomimetic hierarchical porous
structures resembling natural skin tissue. The results demon-
strated that 3D-bioprinted skin structures exhibited greater
similarity to natural skin than hand-cast samples, particu-
larly in developing a well-stratified epidermal layer and a
continuous basement membrane protein layer.

Skin regeneration involving skin appendages remains a
significant challenge due to donor skin shortages, poor long-
term viability, and the absence of appendages in HSCs for re-
generation [158]. Zhou et al. [159] developed a novel method
to fabricate functional living skin (FLS) using biomimetic
bioinks with excellent biocompatibility and tissue adhesion,
integrated with DLP-based 3D printing technology. The FLS
contained interconnected microchannels that facilitated cell
migration, proliferation, and new tissue formation. In vivo
studies demonstrated that the FLS not only provided imme-
diate defense functions but also significantly promoted dermal
regeneration, including the regeneration of skin appendages
in large animals.

The emulsion method has also been investigated for skin
damage repair. Ying et al. [107] developed an open-source,
portable, and ergonomic handheld bioprinting system that
incorporated a two-phase water-emulsified bioink formula-
tion. This biocompatible formulation enabled the encapsula-
tion of cells during the wound dressing process. Addition-
ally, in situ photocrosslinking produced a hydrogel dressing
with interconnected micropores, facilitating the rapid trans-
port of fluids and oxygen. These micropores also enhanced
the survival, proliferation, and spreading of embedded cells,
accelerating wound healing. Wang et al. [109] introduced a
new bioink composed of two immiscible aqueous phases—
GelMA and dextran—for skin damage repair, which also
exhibited antibacterial and anti-inflammatory properties.
This bioink can be printed using resin polymerization,
extrusion, and handheld bioprinting techniques. The results
demonstrated that the microporous structure formed after
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3D bioprinting promoted the spreading of encapsulated
cells, confirming the excellent cytocompatibility of the
bioink formulation. Additionally, the bioink’s antimicrobial
and immunomodulatory properties provided an effective
strategy to combat bacterial infections and support immuno-
modulation, both critical for wound healing. Currently, the
emulsion method remains the most suitable for promoting
wound healing.

3.2.2 Bonerepairing

Bone defects remain a significant challenge in regenerative
medicine [160]. Although bone possesses self-renewal capa-
bilities, this regenerative potential is often impaired in cases
of critical-size defects. Despite advances in the field, con-
ventional treatments fail to meet the growing clinical de-
mand for effective bone grafts due to limited availability,
the risk of pathogen transmission, and reduced healing
potential [161]. Studies have shown that well-designed micro-
environments can alleviate these issues to some extent and
are crucial for promoting bone regeneration [162]. Conse-
quently, there is an urgent need to develop functional, bioac-
tive scaffolds that can modulate the interactions between
implants and host tissue, thereby facilitating the regenera-
tion of bone defects.

Bone marrow stem cells (BMSCs), found in the mesenchy-
mal compartment of the bone marrow, have the ability to
self-renew and differentiate into specialized cells, presenting
a promising pathway for bone regeneration [163]. In recent
decades, various 3D printing methods incorporating BMSCs
have been investigated for treating bone defects. Implanted
BMSC:s contribute to bone tissue regeneration by differenti-
ating into osteoblasts, recruiting other therapeutic cells, and
creating a favorable microenvironment through the release of
paracrine factors [164]. However, directly delivering cell
suspensions to the fracture site often results in suboptimal
outcomes due to low survival rates, short retention time, and
functional limitations. Recently, there has been growing in-
terest in using hydrogel constructs, such as alginate and
GelMA, for repairing bone defects with stem cells [165].
GelMA, which is based on a gelatin backbone, not only pro-
motes the adhesion and proliferation of BMSCs [166], but
also enables tunable mechanical properties through photo-
polymerization [167]. Furthermore, the microenvironment
created by GelMA hydrogels supports osteogenesis in encap-
sulated BMSCs. However, the structural stability of GelMA
hydrogels, typically achieved through a high degree of cross-
linking and dense polymer networks, can limit nutrient dif-
fusion and hinder cell migration and proliferation [49].

3D bioprinting technologies have diverse applications
in the fabrication of high-performance bone tissue struc-
tures [168]. These technologies allow for precise spatiotem-
poral regulation of cell-cell and celFHECM interactions, leading

to structurally complex and functionally relevant tissue con-
structs. Among these, extrusion-based bioprinting has been
commonly employed to create bone tissue structures due to
its accessibility, cost-effectiveness, simplicity, and ease of
handling [169]. However, extrusion-based methods can
compromise the integrity of bone tissue structures and re-
duce fabrication speed due to interfacial artifacts between
print lines and the continuous writing process, limiting their
clinical applicability. In contrast, DLP-based 3D bioprinting
platforms have been shown to produce structures with supe-
rior speed, resolution, and structural integration [170]. Zhang
et al. [171] developed a Haversian bone-mimetic structure
using DLP-based printing technology to promote new bone
and blood vessel formation, demonstrating the potential of
advanced 3D printing techniques for building bone tissue
structures. Tao et al. [100] developed a therapeutic cell-
loaded hydrogel for bone regeneration, incorporating pores.
This hydrogel, created using DLP-based bioprinting with
BMSCs mixed with a GelMA/dextran emulsion (Fig. 5d), was
designed to modulate the behavior and function of encapsu-
lated BMSCs for bone tissue regeneration. Their results
showed that the 3D-bioprinted hydrogel not only promoted
the proliferation, migration, and spreading of encapsulated
BMSC:s but also activated the YAP signaling pathway, en-
hancing osteogenic differentiation. Furthermore, the study
demonstrated the microporous structure’s effectiveness in
repairing a 6-mm cranial defect, promoting new bone forma-
tion and facilitating potential clinical applications. Currently,
both emulsion and sacrificial methods are considered more
suitable for repairing bone defects.

3.2.3 Cartilage repairing

Cartilage, a vital connective tissue found in joints, ears, and
the nose, lacks blood vessels and nerves, making self-repair
particularly challenging. Cartilage tissue engineering aims
to address this limitation by creating cell-loaded implants.
3D bioprinting has excelled in this field due to its precise
spatial control, enabling it to closely mimic the structure
and composition of natural cartilage [172].

A significant challenge in 3D bioprinting of cartilage tis-
sues is identifying biologic linkage formulations that offer
both high biocompatibility and printability. Although GeIMA
hydrogels support chondrocyte encapsulation, their prepoly-
mer solutions typically exhibit low viscosity, compromising
the fidelity of printed structures. Schuurman et al. [173] re-
ported the use of GelMA/hyaluronic acid (HA) composites as
bioinks for cartilage bioprinting. Histological and immuno-
histochemical staining of cell-laden constructs after four weeks
of in vitro culture confirmed glycosaminoglycan formation and
cartilage matrix production. Similarly, Markstedt et al. [174]
developed a composite bioink comprising cellulose nanofibers
and alginate, which demonstrated shear-thinning properties
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suitable for extrusion-based 3D bioprinting. Human chon-
drocytes were encapsulated within this bioink, enabling the
fabrication of both simple mesh-like structures and complex
3D auricular models.

Microtia refers to a group of congenital malformations of
the outer ear that arise from various etiological and multi-
factorial factors. Although allograft implants are sometimes
used for treatment, these biomaterials have limited biocom-
patibility and pose risks such as infection, erosion, and dis-
placement. Consequently, there remains a need for biocom-
patible, mechanically stable implants capable of accurately
reconstructing the complex shape of the outer ear while pro-
moting auricular cartilage regeneration [175]. Microgel-based
biomaterials present a promising alternative to traditional
hydrogels for 3D bioprinting applications. These microgels
comprised solid particles that were tightly packed through
processes such as annealing or centrifugation, forming micro-
porous scaffolds. Granular hydrogels have been widely used
in cartilage tissue engineering. For instance, Flégeau et al. [44]
developed tyramine-modified hyaluronic acid (HA-TYR)
hydrogels, which were enzymatically crosslinked using horse-
radish peroxidase and hydrogen peroxide (H207). These
crosslinked gels were screened using metal grids with vary-
ing pore sizes. The residual tyramine fraction facilitated sec-
ondary crosslinking, further stabilizing the scaffolds (Fig. 5e).
Bioprinting microgels loaded with human auricular chon-
drocytes resulted in the uniform development of cartilage-
like tissue in vitro, with mechanical strength reaching up to
200 kPa after 63 d. Additionally, when implanted subcutane-
ously in nude mice, microgel scaffolds with a 40-pm grid struc-
ture exhibited excellent tissue maturation and stability. This
study underscored the critical role of porosity in the in vivo
maturation of 3D-printed scaffolds. Currently, the microgel
method holds significant promise for cartilage defect repair.

The applications and the corresponding common pore-
making methods are listed in Table 3, while the comparison
of fabrication methods is summarized in Table 4.

3.3 Emerging methods and applications

Advancements in tissue engineering and regenerative medi-
cine have established the beneficial effects of bioelectricity on

Table 3 Application and its common pore-making method

excitable tissue regeneration, including enhanced cell prolif-
eration, differentiation, migration, and overall tissue function.
Conductive biomaterials have emerged as valuable tools for
promoting excitable tissue regeneration by facilitating the
delivery of endogenous bioelectricity or electrical stimula-
tion to electrically isolated cells and tissues [193]. Porous
biomaterials have been used to enhance electrical conductiv-
ity for long-term applications by incorporating conductive
components into the pre-solution during material prepara-
tion or by depositing conductive materials onto the internal
pore surfaces [194]. These porous conductive biomaterials
offer several advantages, such as increased specific surface
area, reduced density, improved deformability, rough sur-
face topology, and enhanced permeability. The presence of
pores extends conductive pathways and increases material
thickness, which may result in relatively low conductivity
and modulus [139]. Furthermore, the rough surfaces and mi-
cropores of conductive porous biomaterials have been
shown to promote the adhesion and migration of excitable
cells. Some of these materials have also supported 3D cell
cultures by allowing cells to migrate into interconnected
pores [195]. Wang et al. [196] employed near-field electro-
static printing and graphene oxide coatings to fabricate 3D
conductive porous scaffolds based on printed microfiber
structures. In this process, graphene oxide was applied to poly
(L-lactic acid-co-caprolactone) microfibers via layer-by-layer
assembly and then reduced in situ to form reduced graphene
oxide, resulting in a conductive porous scaffold with 25-50
layers of graphene oxide. Under electrical stimulation, the
scaffold exhibited excellent electrical conductivity and suc-
cessfully induced the formation of neuron-like networks
along the conductive microfibers. Given its ability to guide
nerve cell growth, this conductive porous scaffold holds sig-
nificant potential for applications in nerve regeneration and
neural engineering.

Embedded 3D printing (EB3DP) is an emerging technol-
ogy that enables free-form fabrication within a soft substrate
to support patterned materials, allowing for increased com-
plexity and control in printing sacrificial templates. A key
challenge in EB3DP is the lack of a stable ink-support matrix
combination that simultaneously offers a high degree of free-
dom, low processing barriers, and high error tolerance during

Application 1st method

2nd method

3rd method

Construct
vasculature

The sacrificial method [50, 116, 124, 176, 177]

Construct bone
Construct liver The microsphere method [133, 182-185]
The emulsion method [49, 79, 107, 110]
The emulsion method [100, 104, 110, 113]

Cartilage repairing The microgel method [44, 67, 68, 71]

Wound healing

Bone repairing

The emulsion method [100, 101, 104, 115, 150] The microsphere method [136, 178—181]
The sacrificial method [59, 116, 117, 125] Recrystallization method [135]
The sacrificial method [117, 124, 186]
The sacrificial method [116, 127]
The emulsion method [101, 102]

The emulsion method [48, 104, 106, 113] The cryobioprinting [46]

The sacrificial method [117, 124]

The microgel method [68]
The gas method [74]
The sacrificial method [187]
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Table 4 Fabrication method
Application-
Method Printing method Application Efficiency Scalability specific
suitability
Preprint Porous @ Extrusion [52] @ Biomanufacturing ® Low [52] @® Medium [52] ® Low [52]
processing  microsphere @ DLP [188] vasculature [59]
printing @ Biomanufacturing
cartilage [136]
@ Biomanufacturing
bone [52]
@ Biomanufacturing
liver [189]
Microgel @ Extrusion [71] @ Cartilage repairing [44] @ Medium [44] @ Low [69, 70] @® Low [68]
method ® DLP [190] @ Wound healing [68]
Gas method @ Extrusion [45, 75] @ Muscle repairing [45] @ Medium [45] @ Low [45] @ High [45]
@ Biomanufacturing
bone [75]
@ Biomanufacturing
vasculature [74]
Inprint Cryobioprinting @ Vertical freeze @ Biomanufacturing @ Medium [46] @ High [85] ® Low [46]
processing printing [46] muscle [46]
@® Wound healing [84]
Triggered @ Microphase @ Biomanufacturing the ~ @ High [95] @ High [47] @ Medium [47]
micropore separation [47] vocal fold [47]
forming @ Cancer modeling in
vitro [47]
Postprint Emulsion @® DLP [100] @® Wound healing [107] @ Medium [108] @ Medium [48, 49] @ Medium [48]
processing  method @ Extrusion [107] @ Bone regeneration [100]
@ Macromolecular @ Biomanufacturing
crowding [103] cartilage [102]
@ Pre-shear
bioprinting [106]
Expendable @ Extrusion [176] @ Biomanufacturing @ Low [122] ® Medium [123] @ High [121]
material @ Coaxial printing [191] vessel [191, 192]
method @ Photocrosslinking [127] @ Bone repairing [127]
@ Biomanufacturing
muscle [176]
@ Neurofibril
fabrication [137]
@ Biomanufacturing
heart [118]
Others @ Femtosecond laser [129] @ Biomanufacturing @ Medium [129, @ Medium [129] @ Medium [133]

@ Extrusion [133, 135]

liver [133]
@ Capillary
fabrication [129]

133, 135]

DLP: digital light processing

printing [197]. To address this issue, Wang et al. [198] devel-
oped a simple yet effective sacrificial strategy for creating a
network of layered, fusible microchannels within a multi-
functional porous scaffold. This approach integrated EB3DP,
tunable polyelectrolyte complex (PEC), and casting tech-
niques. The results demonstrated the feasibility of generating
hierarchical channel networks within scaffolds while provid-
ing a reliable method for rapidly and reproducibly forming
arbitrary patterns with spatial organization, cell heterogene-
ity, and complexity for tissue engineering and other applica-
tions. Another challenge in the field is fabricating solid fibers

with ultra-fine diameters or tubular fibers with ultra-thin
walls. While significant progress has been made in bioprint-
ing larger freestanding filamentary tissues, achieving these
finer structures remains difficult [199]. To address this, Tang
et al. [200] developed a bioprinting strategy for producing
both solid and hollow fibers with tunable sizes across a
broad range. This method employed an aqueous two-phase
embedded bioprinting technique combined with a specialized
crosslinking and extrusion process. As a result, a freestand-
ing, alginate-free aqueous architecture was created, enabling
the free-form patterning of aqueous bioinks.
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As tissue engineering continues to advance, innovations
in scaffold delivery remain equally critical. Minimally inva-
sive injections of tissue-engineered scaffolds offer benefits
such as smaller incisions and faster recovery. However, de-
signing an injectable scaffold presents a significant chal-
lenge. Xie et al. [201] developed a novel shrunken scaffold
that was freeze-dried to remove moisture and then placed in
a humid environment. Exposure to humidity caused the dry
scaffold to shrink by up to 90%, while it rapidly expanded
back to its original size and shape after use. They also de-
signed a tool for minimally invasive scaffold delivery and
demonstrated its potential to overcome limitations in current
technologies that hindered the clinical repair of soft tissue
defects through minimally invasive injections. In a similar
effort to enhance 3D printing capabilities in tissue engineer-
ing, Gong et al. [202] introduced a composite-induced reso-
lution enhancement strategy called “shrinking printing.” This
method relied solely on postprint processing of hydrogel
structures. By immersing a 3D-printed hydrogel pattern,
composed of a network of hydrophilic polyionic polymers,
into a polyionic solution with the opposite net charge, rapid
shrinkage occurred, resulting in varying degrees of size
reduction relative to the original pattern. This technique im-
proved resolution through post-processing without requiring
modifications to printer hardware or most ink compositions.

4 Conclusions

The limitations of early 3D bioprinting technology, particu-
larly in controlling porosity and aligning pores, have hindered
the fabrication of multiscale, multifunctional microporous
networks in bioprinted tissues. Although increasing porosity
can enhance the biological properties of bioprinted tissues,
it often compromises mechanical integrity (Fig. 6a). As 3D
bioprinting technology has advanced, growing evidence
suggests that a material’s physical properties significantly
impact its performance in practical applications. For instance,
harder basal planes promote osteogenic differentiation,
whereas softer basal planes facilitate chondrogenic differen-
tiation. This underscores the potential of 3D bioprinting for
creating complex macro—micro structures and the necessity
of considering how structural and mechanical properties in-
fluence cellular behavior in bioinks. Huebsch et al. [40]
demonstrated that modifying the matrix modulus through
the introduction of a pore-forming agent produced micropo-
rous materials that not only improved cell viability but also
enhanced cell spreading. Their findings indicated that stress
relaxation played a critical role in matrix deposition by
chondrocytes, with faster relaxation leading to greater ma-
trix deposition and morphology more closely resembling ar-
ticular chondrocytes under physiological conditions. Thus,
the strategic incorporation of microporosity helps balance
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Cell viability

Fig. 6 Fidelity and activity. (a) Cell viability and structural fidelity
exhibit an inverse relationship, where an increase in one often leads
to a decrease in the other. (b) The role of microporosity in balancing
structural fidelity and cellular activity

the physical and biological properties of bioprinted tissues,
supporting cell survival, migration, osmosis, and material
exchange within the body (Fig. 6b).

To replicate the structural heterogeneity and functionality of
natural tissues and organs, researchers have explored various
microporous 3D bioprinting methods, including preprint,
inprint, and postprint processing, to regenerate functional
tissue structures and repair defects. Microporous 3D bio-
printing not only meets the mechanical requirements of bio-
printed tissues but also provides essential biological proper-
ties, such as long-term cell survival, migration, osmosis,
and material exchange. Despite these advancements, current
microporous 3D bioprinting techniques still face challenges.
For instance, extrusion-based methods, such as porous mi-
crosphere printing, lack the resolution and speed required
for large-scale tissue fabrication. The emulsion method suf-
fers from limited pore interconnectivity and instability in
the bioink emulsion, reducing the available bioprinting time
window. The expendable material method is hindered by
low processing speed, complexity, and difficulties in addi-
tively manufacturing substrate parts. Additionally, bioprinted
tissues produced with this approach often exhibit uneven
cell distribution within the template channel, while sacrifi-
cial templates have limited remodeling capabilities in vivo.
Future research should focus on developing new micropo-
rous 3D bioprinting techniques that enable efficient tissue
printing optimized for human applications. These methods
must support the normal growth, proliferation, migration,
and homogeneous distribution of seed cells. Moreover,
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addressing the challenge of microporous 3D bioprinting for
large-scale tissue fabrication remains a critical priority.

Researchers recently developed a cell-adapted nanocol-
loid hydrogel for 3D printing mature tissue structures [203].
After implantation in the human body, these structures suc-
cessfully matured into cartilage tissue, demonstrating poten-
tial for applications in articular cartilage defect repair and
ear cartilage reconstruction. These findings highlight the
promise of 3D bioprinting with cell-adapted nanocolloidal
hydrogels for future clinical use. Innovations in bioprinting
devices and technologies continue to expand the capabilities
of porous bioprinting. Bioprinting devices are evolving from
stationary desktop models to portable formats, with ongoing
research focused on developing handheld and combination-
carrying models. These advancements aim to integrate bio-
printing into operating rooms and emergency frontline sce-
narios [204]. Meanwhile, improvements in printing technol-
ogy have significantly influenced the field. Initially based
on droplet inkjet printing, advancements in polymer types,
crosslinking methods, and molding techniques have led to
new approaches, such as acoustically triggered crosslinking.
This method utilizes controlled acoustic fields to achieve
high-resolution patterning. For example, researchers have
explored self-enhancing ultrasound ink for deep-penetration
acoustic volumetric printing and focused ultrasound writing
techniques. These approaches offer key advantages, includ-
ing low acoustic flow, rapid acoustic temperature polymer-
ization, and increased print depth, enabling the fabrication
of volumetric hydrogels and nanocomposites in diverse
shapes, independent of optical properties [205]. Given the
superior penetration of acoustic waves compared to light,
bioprinting can be performed in vivo or within deeper tis-
sues [206]. Future advancements in bioinks are essential to
enhance the mechanical properties necessary for stabilizing
bioprinted structures. For example, bioinks containing elec-
trosprayed cell-loaded microgels combined with GelMA
precursor solutions could improve these properties [207].
Additionally, integrating biological compounds to enhance
cell interactions and create an optimal environment for gen-
erating physiologically relevant, vascularized tissues will be
crucial for successful transplantation and integration with
host tissues. As instrumentation technology, spatial and tem-
poral resolution, bioink formulations, and microporous print-
ing methods continue to advance, microporous 3D bioprint-
ing is expected to become one of the most efficient, reliable,
and advanced bioprinting technologies.
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