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A dive into the bath: embedded 3D bioprinting of
freeform in vitro models
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Designing functional, vascularized, human scale in vitro models with biomimetic architectures and mul-

tiple cell types is a highly promising strategy for both a better understanding of natural tissue/organ devel-

opment stages to inspire regenerative medicine, and to test novel therapeutics on personalized microphy-

siological systems. Extrusion-based 3D bioprinting is an effective biofabrication technology to engineer

living constructs with predefined geometries and cell patterns. However, bioprinting high-resolution mul-

tilayered structures with mechanically weak hydrogel bioinks is challenging. The advent of embedded 3D

bioprinting systems in recent years offered new avenues to explore this technology for in vitro modeling.

By providing a stable, cell-friendly and perfusable environment to hold the bioink during and after print-

ing, it allows to recapitulate native tissues’ architecture and function in a well-controlled manner. Besides

enabling freeform bioprinting of constructs with complex spatial organization, support baths can further

provide functional housing systems for their long-term in vitro maintenance and screening. This minire-

view summarizes the recent advances in this field and discuss the enormous potential of embedded 3D

bioprinting technologies as alternatives for the automated fabrication of more biomimetic in vitro models.

Introduction

In vitro models are fundamental preclinical tools for (patho)
physiological studies and drug discovery pipelines.1 Due to the
growing evidences that typical 2D in vitro models developed on
flat tissue culture plastic have limited predictive power on the
in vitro–in vivo extrapolations, the last decade has seen a
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marked increase on the search for in vitro human microphysio-
logical systems (MPS) that can recapitulate organ-level
functions.

3D bioprinting is an evolving additive manufacturing
technology, where materials with biological components are
deposited in a layer-by-layer manner according to a predefined
digital file to form a 3D product.2 According to ASTM
standards,2,3 bioprinting techniques can be categorized into
four main methods, i.e., extrusion based,4 jetting based,5 laser
based6 and vat photopolymerization based7 printing systems.
Among the aforementioned methods, extrusion-based systems
are the most widely dissiminated8 technique for the fabrica-
tion of cellularized constructs9 mimicking tissues/organs func-
tion for developing physiologically relevant 3D in vitro models,
or for possible implementation as therapeutic options for the
treatment of diseases.10 However, one of the main limitations
of these 3D bioprinting systems11 is associated with the
difficulties in bioprinting complex multilayer constructs, due
to the inherent physical properties of bioinks typically based
on soft hydrogel matrices, which, when printed, tend to get
deformed or collapse.12 These unavoidable effects of gravity13

on hydrogels at the air–water interface, make the print of elab-
orate or intricate structures and maintenance of its fidelity a
challenging task.14,15

To overcome these limitations, a surge of new methods
involving the use of physical media that provides external
support16 to the embedded bioinks while bioprinting have
been developed in recent years, enabling the design and man-
ufacture of 3D constructs that better resemble the biological
structures of the human body. The use of support baths-
assisted systems allows to print freeform constructs with lower
geometric restrictions, higher resolution17 and smaller size
features,18 a very important factor, for example, for bioprinting
vascular-like structures,19,20 which are integral components of
advanced dynamic MPS integrating tissue-like perfusion.
Importantly, a key advantage of bioprinting in support baths is

the possibility of using low viscosity bioinks,21 which favors
the viability of printed cells and its general biological perform-
ance in printed constructs.22–25 Similarly, compared to tra-
ditional unsupported strategies, these systems further facilitate
the bioprinting of multimaterial26 and multicellular struc-
tures.27 Moreover, since the crosslinking process takes place
when the bioprinting of all the material is finished28 and not
layer-by-layer as in conventional methods,29 an additional
advantage of bioprinting in support baths is the possibility of
accelerating the manufacturing process of cellularized con-
structs, opening the door for the manufacturing escalation30,31

of the bioprinting process, reducing printing times and
costs.32

Together with the increased spreading and availability of
extrusion-based bioprinters at most bioengineering facilities,
all these factors contributed to make of embedded 3D bio-
printing a trending technology which allows the fast and accu-
rate fabrication of freeform constructs with complex geome-
tries directly in support baths, which might have temporary or
permanent structural functions.33 Recent innovations have
further expanded the range of applications of this technology
in the biomedical field. In the following sections we identify
and discuss the outstanding potential of embedded bioprint-
ing systems as options for the manufacturing of more precise
in vitro models, discussing how the integration of other bioen-
gineering technologies and tissue-specific bioink materials in
its design concepts is opening new avenues to be explored in
this particular field.

Engineering support baths for
embedded 3D bioprinting of in vitro
models

Reproducing the natural complexities of tissue microenvi-
ronment with biomimetic in vitro models will enable a better
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understanding of tissue regeneration stages, in addition to
disease progression and the outcomes of potential treatment
options. In the development of bioengineered MPS by extru-
sion-based 3D bioprinting, support baths offer significant
advantages stemming from their ability to hold the deposited
bioink during and after bioprinting or, if needed, the printed
structure can be released by the removal of the bath34 (see
Fig. 1A). The implementation of these concepts strongly
depends on the properties of the support bath.

Typically, these fluid media are made of stress-yielding
materials with self-healing properties. At resting state, these
viscoelastic materials show a solid-like behavior. When the
stress exerted by nozzle movement is higher than the yield
stress of the support bath, the material undergoes localized
solid–liquid transition around the nozzle. The initial support
bath solid state is recovered when the stress-induce defor-
mation is removed, keeping the printed structures suspended
in its position, thus enabling the high-resolution printing of
complex 3D structures.46 This self-recovery property facilitates
bioprinting with a wide range of hydrogel options as bioinks,
and eventually enhance both the bioactivity and the bio-
mimetic architecture of printed structures.47 Although the
required features of support baths vary depending on the
target application, they should present adjustable rheological
characteristics, biocompatibility and provide long term cell
culture and/or easy removal.48 For further insights on the
specific rheological requirements of support baths, readers are
referred to detailed reviews on this topic.49,50

Support baths can be synthesized from different fluid bio-
materials, ranging from polymer hydrogels to living spheroid/
organoids (see Table 1). Among all types, granular hydrogels
have been extensively used in embedding printing due to their
easy production methods, in addition to its self-recovery and
shear-thinning properties.53 Their rheological behavior can be
easily tuned by engineering the physical and chemical nature
of forming microparticles, their packing densities or by using

mixed types and sizes of microparticles.53–55 One of the most
explored support baths for producing in vitro models is the
well-known freeform reversible embedding of suspended
hydrogels (FRESH) system (Fig. 1A and B), which is originally
based on gelatin microparticles.56 In the first version (FRESH
v1.0), gelatin microparticles with an average diameter of
around 65 µm were obtained by simple mechanical blending
[Fig. 1B(i)]. However, the regularity and resolution of printed
filaments using FRESH v1.0 was relatively limited due to the
large and highly variable shapes of the microparticles [Fig. 1B
(iii) and (iv)]. These printing parameters were significantly
improved by the second generation FRESH v2.0 [Fig. 1B(iii)
and (iv)], where spherical gelatin microparticles with reduced
particle size and polydispersity are produced by coacervation
methods [Fig. 1B(ii)].51 In general, FRESH shows yield stress
behavior, allows freeform bioprinting and its liquid compart-
ment is compatible with many bioinks’ (e.g., alginate, collagen,
dECM, fibrinogen, HA) crosslinking mechanisms.51,57 Once
the printed structure is cured, it is released from the surround-
ing bath by simply melting gelatin at 37 °C. Besides gelatin,
various other granular hydrogels have been used as support
baths, including agarose (Fig. 1C),36 alginate,20 gellan gum,58

xanthan gum59 and Carbopol-based60,61 ones.62 For instance,
agarose particulate slurries are shear-thinning and self-healing
fluids with fast recovery rates well adapted to embedded bio-
printing systems, although the resolution of obtained prints is
lower compared to e.g., the gelatin microparticle-based bath of
FRESH v2.0. Bulk hydrogel based on reversible physical cross-
linkings, such as host–guest HA63 or xanthan gum59-based
hydrogels, also show the required shear-thinning pseudo-plas-
ticity to be used as support baths and its continuous matrix
ensure improved printing resolution compared to granular
systems. Depending on the chemical nature and physical pro-
perties of the bath, the resolution, size and 3D architecture of
produced tissue models can be adjusted,51 and other support
bath removal strategies (e.g. enzymatic cleavage or mechanical
separation) can be employed. Detailed discussion on existing
hydrogel systems and its crosslinking mechanisms being
explored for bath production can be found in recent dedicated
reviews.33,62

In vitro maturation is crucial for creating functional MPS,
allowing printed cells to secrete new ECM and establish essen-
tial connections with their microenvironment.34 However,
maintenance of the complex architecture of printed cellular
constructs over long cultivation times can be challenging, par-
ticularly when using ECM-based bioinks (e.g., collagen, fibrin
or decellularized ECM) or high cell density constructs, where
deformation (contraction) or disruptions of printed constructs
may easily occur. This concern tends to increase as the dimen-
sion of printed structures decreases, thus being particularly
relevant for miniaturized MPS. An emerging biofabrication
strategy to overcome these limitations levering on the many
functionalities of support baths is the “print-and-grow”
concept, where the supporting media can be maintained or
annealed post-printing to provide structural support for long
term culture of printed constructs. These strategies have been
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implemented using different cell-friendly support materials,
such as κ-Carrageenan,35 CNCs38 or modified HA.64 The liquid
component of the support baths can also include selected
ECM components, such as collagen, fibronectin, HA or
laminin, to improve the biomimicry and adjust the functional-
ity of the system. Annealing of these composite materials for

“locking” the structure after high fidelity bioprinting generates
a stable and cell-interactive matrix for long term functional
development of target tissues models.25 This concept allows to
provide functional housing devices or living environments, the
typical microfluidic bioreactor of organs-on-chip, to the
printed constructs for their long-term maturation/mainten-

Fig. 1 Printing in different support baths. (A) A schematic drawing on embedded 3D bioprinting steps followed by bath annealing to generate a sup-
ported MPS or bath removal to retrieve the 3D bioprinted structure. Fabricated microphysiological system can be further integrated with perfusion
systems for dynamic culture. (B) 3D bioprinting of collagen filaments using FRESH v1.0 and v2.0. (i) Large and irregularly shaped gelatin microparti-
cles in the support bath v1.0 and (ii) spherical and relatively smaller ones in FRESH v2.0. (iii) Comparison of printed constructs obtained using the
same G-code. (iv) 3D bioprinted single collagen filaments in FRESH v1.0 and in FRESH v2.0, showing the increase in the resolution and the shape
fidelity by improving the bath properties. Reprinted with permission from ref. 51. Copyright 2019 American Association for the Advancement of
Science (AAAS). (C) 3D bioprinting in agarose support bath. (i) Micrographs of agarose fluid gels showing small subunits and (ii) agarose slurry with
angular particles. (iii–vi) Printing resolution in agarose fluid bath using needles with various diameters. Scale bars: 5 mm. Reprinted from ref. 36
under the terms and conditions of the Creative Commons CC BY 4.0 License. (D) 3D bioprinting in cellulose nanocrystals (CNCs) support bath. (i)
Rod-shaped colloidal form and (ii) self-assembled fibrillar structure of CNCs and comparison of printing resolution (scale bar: 200 nm) in (iii and v)
agarose (scale bar: 250 μm) and in (iv and vi) CNCs (scale bar: 1 mm). Reprinted with permission from ref. 38. Copyright 2021 John Wiley and Sons.
(E) Time-lapse images showing 3D printing of sacrificial gelatin ink (red) within living OBB support matrix. Scale bar: 1 mm. Reprinted from ref. 43,
under the terms and conditions of the Creative Commons CC BY 4.0 License. (F) Low viscosity ink 3D printing within ATPS. Fluorescent images of
thinning filaments (left, scale bar: 5 mm) fabricated with ATPS, providing high resolution cell patterning (right, scale bar: 500 μm). Reprinted from ref.
52 under the terms and conditions of the Creative Commons CC BY 4.0 License.
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ance and screening. Several methods can be applied for
annealing the bath depend on its nature,62 including e.g., ther-
mally induced crosslinking of ECM proteins exiting in its com-
position,25 enzymatic crosslinking of gelatin-based hydrogels
(e.g. by microbial transglutaminase),65 or by promoting nano-
particles self-assembly with addition of biocompatible ions
(e.g. Ca2+ for CNCs) (Fig. 1D).38 Characteristics of these
systems such as cell microenvironment mimetic micro- and
nano-features, permeability to cell nutrients/metabolites,
structural stability and transparency make them promising
platforms for the automated arraying of physiologically rele-
vant in vitro models.35,38,64

Besides providing physical support for the bioprinting
process and housing the fabricated models for their in vitro
maturation and screening, the bath can also incorporate living
components where other cellular structures can be printed.
This bioprinting strategy allows to simultaneously replicate
both the external and internal components of a target organ
by bioprinting e.g., blood vessels via sacrificial inks within the
support bath incorporating the stromal tissue cell.65 This tech-
nique has been effectively applied on the fabrication of a
complex vascularized ventricle in vitro model with a fast,
unparalleled bioprinting ability, which is not easy to carry out
using standard bioprinting technologies.66

Aqueous two-phase systems (ATPS) are an innovative class
of active support baths which have just started to be explored
in recent years. Aqueous-based support platforms consist of
bioink–immiscible liquid environment that function as a sup-
portive fluid and/or pregel during bioprinting of complex
microstructures, where both phases remain at equilibrium
until solidification.41,52 Formation of hydrogen bonding
between bioinks and support liquid provides noncovalent
interactions, allowing these liquid architectures to be stabil-
ized through different mechanisms, such as interfacial com-

plexation42 or other biocompatible crosslinking mecha-
nisms.52 Low viscosities and the relative interfacial tension of
bioink and matrix solutions enable high-speed bioprinting
without compromising cell viability. Moreover, exceptionally
low fiber diameters can be reached (Fig. 1F)52 and bioprinted
interconnected, cell-lined channels can be fabricated in one-
step bioprinting aproaches.41 Facile handling of these complex
freeform architectures suspended in a liquid phase or the
possibility of its locking within a crosslinked hydrogel matrix
presents valuable opportunities to be explored in the fields of
tissue modeling, organs-on-chip and tissue engineering for
the precise and more practical fabrication of arbitrary vascular-
ized constructs with compartmentalized phases.

Combining embedded 3D bioprinting
with other biomanufacturing
technologies

Mimicking the complex architecture of native tissues, com-
posed of multiple cell types and molecules organized into
specific cell patterns within confined volumes, has been a
major fabrication challenge of functional in vitro models. The
convergence of conventional embedded bioprinting systems
with different advances in biomanufacturing technologies (see
Fig. 2) is being leveraged as strategy to tackle this
challenge.45,67

One approach is combining customized multichannel
housing devices made of biocompatible hydrogels pre-printed
in support baths, with subsequent channel cell-lining and
incorporation of tumor spheroids to build reproducible vascu-
larized in vitro neuroblastoma models.37 To recreate the aniso-
tropic organization of cells and ECM of tissues such as

Table 1 Various support bath types and inks for the embedded bioprinting of in vitro models

Bath type Bath material Ink Application Ref.

Granular Alginate microparticles in xanthan gum-
suppl. growth medium

Decellularized omentum and
sacrificial gelatin

Vascularized heart model 20

κ-Carrageenan (CarGrow) Fibrin Bone-like, cardiac-like
constructs

35

Agarose fluid gel Collagen, gellan gum, alginate, and
i-Carrageenan

Carotid artery, T7
invertebral disc

36

Alginate microparticles in-collagen &
laminin & fibronectin & hyaluronic acid
(HA)

Stem cells & sacrificial gelatin Neural models, vascular-
like channels

25

Carbopol GelMA In vitro neuroblastoma
model

37

Nanoparticle-based CNCs Gelatin, GelMA, alginate, platelet
lysate, Pluronic F-127, tendon
dECM

Tumor-on-a-chip model,
in vitro tendon models

38–40

ATPS Oxidize bacterial cellulose Poly-L-lysine In vitro vessel model 41
Poly(ethylene oxide) Poly(acrylic acid)-dextran On-demand in vitro tissue

models
42

Organoids iPSC derived OBBs Sacrificial gelatin Perfusable cardiac tissues 43
Decellularized
extracellular matrix
(dECM)

Skin derived dECM Vascular tissue-derived dECM In vitro melanoma model 44
Vascular tissue derived dECM Calcium-Pluronic F127 In vitro atherosclerotic

model
45
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tendons or muscles, we have developed a magnetically-assisted
embedded bioprinting system allowing to control the align-
ment of magnetically-responsive microfibers incorporated in
bioinks, which guide cell growth and organization and can be
further used for the remote stimulation of cells after bioprint-
ing (Fig. 2A).40 However, typical extrusion printheads with
single nozzle can just print single bioink struts, limiting the
achievable axial complexity of printed structures. The combi-
nation of these systems with co- and triaxial nozzles widens
significantly the design space that can be explored on the bio-
manufacturing of in vitro models, as these extruders enable to

produce filaments layered with different bioinks according to
the design of the different nozzle compartments. For instance,
triple coaxial nozzle has been applied to print three-layer vas-
cular structures with adjustable geometries and dimensions
(Fig. 2B). In-bath bioprinting of these constructs with irregular
shapes and multiple vascular cell types enabled to mimic the
specific signaling events in atherosclerosis, enabling this
system to be used as a potential in vitro atherosclerotic model
for the evaluation of therapeutic molecules.45

On the other hand, combining microfluidics-based print-
heads with embedded bioprinting platforms further improves

Fig. 2 Combined embedded 3D bioprinting approaches for engineering in vitro tissue models. (A) Magnetically and dECM assisted embedded 3D
bioprinting of tendon biomimetic composites. Flowchart of the process, showing the production of magnetically-responsive microfibers made of
tendon dECM, PCL and Zn-doped magnetic nanoparticles, magnetically assisted 3D bioprinted in CNC support bath and the obtained tendon
mimetic construct, stained for tenomodulin (green), cytoskeleton (red) and nucleus (blue). Scale bar: 250 μm. Reprinted with permission from ref.
40. Copyright 2022 John Wiley and Sons. (B) Embedded triple coaxial bioprinting of triple layered atherosclerotic in vitro model. (i) Experimental
design for the generation of in bath bioprinting with (ii) printed artery equivalent. (iii) Shape-tunable fabrication schematics, showing that tunable
arterial construct designs can be achieved by adjusting the printing speed and path. (iv) Maturation of generated blood vessels mimetic structures
with endothelium (in green) and smooth muscle cells (in red). Reprinted with permission from ref. 45. Copyright 2020 John Wiley and Sons. (C)
Microfluidic, multimaterial, embedded 3D bioprinting to fabricate compartmentalized constructs. (i) Schematic of the 3D printing system showing
the major components. (ii) Design and (iii) cellular print of liver-mimetic construct with vessels (in blue) and hepatocellular carcinoma cells (HepG2)-
laden bioprinted tissue (in red). (iv) Core–shell design and (v) printed muscle fiber-like construct with c2c12 myocytes (in red) in the core and
HUVECs (in green) in the shell. Reprinted with permission from ref. 68. Copyright 2022 American Chemical Society.
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the spatial complexities of compartmentalized, multicellular,
microfibrous constructs that can be built. This approach has
been applied to print liver- and muscle fiber-mimetic con-
structs with perfusable vessels, where a multimaterial micro-
fluidic printhead with a single nozzle provided fast switching
between various bioinks, eliminating the alignment concerns
during nozzle switching (Fig. 2C).68 Moreover, ECM-like col-
loidal gel-based support bath offered a microenvironment to
enhance the spatial organization of bioinks, printing fidelity
and speed to build complex constructs.68

Current fabrication strategies of organ-mimetic constructs
for therapeutic applications have shown limited success due to
the challenges in the recapitulation of human scale, complex
microarchitectures with densely packed, multiple cell types of
functional native tissues.69,70 Considering that the main aim
of bioengineered in vitro models is to recreate key functional
hallmarks of human tissues and organs, the same limitations
apply to these systems. The merge of organoid and embedded
bioprinting technologies might provide a possible solution to
overcome this challenge.

Organoids have been recently proposed as building blocks for
the production of physiologically relevant constructs,43,62,68,69 as
they show unique self-organization potential and specific tissue
mimetic features.70 For instance, sacrificial bioprinting in a
support matrix made of organ building blocks (OBBs) produced
from induced pluripotent stem cell derived (iPSC) organoids,
creates scalable, perfusable tissue mimetic constructs with vascu-
lar networks. OBBs contain high cell densities and exhibit self-
healing and viscoelastic behavior, supporting 3D freeform bio-
printing of single or branched channels via sacrificial inks
(Fig. 1E and 3A).43 Furthermore, diameters and resolution of
these perfusable channels can be changed by tailoring OOB pro-
perties, i.e., characteristic diameter.43 Recent advances on the
development of anisotropic OBBs might further expand the
potential range of applications of this biofabrication strategy, as
demonstrated for bioinks made of anisotropic OBBs that allowed
to print functional aligned cardiac microfilaments with enhanced
contractile performance.43,64,70,71

In a different approach, Daly et al. achieved higher resol-
utions by bioprinting high cell density spheroids into a self-
healing support media with shear-thinning properties. The
non-adhesive and viscoelastic nature of this supporting HA-
based hydrogel enabled controlled fusion of spheroids to form
stable microtissues with predefined architectures and high cell
viabilities (Fig. 3B).64 An interesting demonstration of orga-
noid-integrated bioprinting potential is a study by M. Lutolf
group where stem cells and organoids were directly printed
into Matrigel and collagen mixture support matrices
(Fig. 3C).70 Embedded 3D bioprinting technology was adopted
to guide tissue morphogenesis, providing these self-organizing
cells or cell aggregates a defined tissue mimetic shape and
spatial arrangement, allowing to obtain interconnected, multi-
cellular constructs. With this organoid fusion concept, con-
structs with more physiologically relevant scale can be pro-
duced and various supportive cells can be used to adjust the
self-organization and remodeling features of organoids.70

Biofabrication of in vitro models also requires the use of
biomaterials that recreate the specific cellular niche of the
target tissue or organ.72 Numerous hydrogel matrices such as
alginate,73,74 agarose,75 HA,76,77 chitosan,78,79 gelatin,80,81

collagen,82,83 silk84,85 or gelatin methacryloyl (GelMA)86,87 have
been proposed to formulate bioink. However, their potential to
closely mimic the rich tissue-specific cell microenvironment is
limited.8 In the past few years, dECM hydrogels have emerged
as a promising alternative for bioink formulation in in vitro
modeling applications, as dECM retain the main biochemical
and biophysical cues of the respective niches, exhibiting

Fig. 3 Embedded bioprinting combined with organoid technology. (A)
Sacrificial writing into OBB matrices, composed of embryoid bodies,
cerebral organoids and cardiac spheroids. Cross sections of matrices
showing the sacrificial printing with (row 1) immunostaining of indicated
OBBs and (row 2) their brightfield images. Scale bars: 500 µm. Reprinted
from ref. 43, under the terms and conditions of the Creative Commons
CC BY 4.0 License. (B) 3D bioprinting of microtissue models through
spheroids. Directed fusion of bioprinted ring-shaped spheroids into
microtissue rings on (i) day 1 and (ii) day 4 of culture. (iii) 3 layers of
fused spheroids after their removal from the support bath. Scale bar:
200 µm. Reprinted from ref. 64 under the terms and conditions of the
Creative Commons CC BY 4.0 License. (C) Bioprinting-assisted tissue
emergence (BATE) approach with self-organizing, organoid forming
cells. Using BATE for the patterning of various cell types [from top to
bottom: human intestinal stem cells (hISC), human mesenchymal/pro-
genitor cells (hMSC), human umbilical vein endothelial cells (HUVEC)] (i)
right after bioprinting and (ii) after self-organization. Scale bars: 500 µm.
Reprinted with permission from ref. 70. Copyright 2020 Springer Nature.
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superior biofunctionality when compared with other available
hydrogel options.88 dECM hydrogels can be produced by con-
trolled decellularization and digestion of tissues obtained
from different organs (e.g. brain,89 colon,90 tendon,39,91 bone92

and heart93). In terms of composition, these biomaterials are a
rich source of collagens, glycoproteins, growth factors and
other important components that are crucial to dictate cell be-
havior, function, and fate modulation.94,95 The superior bioac-
tivity of dECM-based hydrogels in comparison to other
materials has been widely demonstrated and their combi-
nation with embedded bioprinting concepts enables to over-
come the inherent rheological and structural limitations of
these biomaterials as bioink hydrogels. For instance, a recent
study compared the cellular performance of gelatin and kidney
dECM bioinks using agarose as support bath for the bioprint-
ing process.96 In this study, the presence of renal specific
markers could only be detected on the dECM constructs and,
while in the presence of kidney dECM cells were able to estab-
lish a confluent and highly interconnected network, gelatin-
encapsulated cells remained round-shaped, with absence of
evident network formation.97 The wide biofabrication poten-
tial provided by combining dECM bioinks with embedded bio-
printing concepts has been leveraged for engineering more
complex multicellular systems. For example, we have recently
explored our CNC support bath platform to 3D write multicel-
lular tendon models using tendon dECM bioinks, where the
printed tendon stroma and vascular compartments enabled to
study the cellular crosstalk established in these MPS.39 In this
type of multicellular systems, coaxial printheads are particu-
larly interesting options because it allows compartmentaliza-
tion of printed bioinks in the same strut. The versatility of this
approach was demonstrated in the fabrication of functional
volumetric vascularized muscle tissues, where skeletal muscle
and vascular dECM bioinks were coaxially printed on granular
gelatin support baths.98 Besides assisting the bioprinting
process, 3D printed muscles showed enhanced alignment of
the matured myotubes in vitro and increased vascularization
and innervation in vivo.98 Interestingly, dECM can be used not
only as bioink hydrogel but also as the actual cell-laden stress
yielding support baths, which can be gelled post-printing.44,45

This is a particularly appealing strategy for in vitro modeling
because bioink and support baths can be formulated with
different dECM hydrogels to retain the specific signatures of
different functional biological structures of its tissue of
origin.47 For instance, in a recent study, skin derived dECM
bath was used for the embedded bioprinting of 3D cancer
models incorporating perfusable blood and lymphatic vessels
printed with vascular tissue-derived dECM.44 These models
allowed the biomimetic recapitulation of metastatic steps of
melanoma and were used to screen the different inhibitor
combinations of drugs to suppress its metastasis. As another
example, a multicellular atherosclerotic in vitro model incor-
porating endothelial, smooth muscle and connective tissue
cells was developed leveraging on this concept.45 The proposed
coaxial cell bioprinting system used vascular tissue-derived
dECM as cell-laden and functional support bath, and was

explored to fabricate stable and perfusable three-layered con-
duits with tunable geometry, allowing to study both co-cul-
tured cells and local turbulent flow signaling in vitro.

Outlook and future perspectives

The fast increase in the number of studies applying embedded
bioprinting for in vitro modeling in recent years demonstrates
the outstanding potential of this technology in the field. It
enables not only the high throughput and automated replica-
tion of multicellular MPS with arbitrary geometries emulating
native tissues architecture and cellular patterns, but it also
simultaneously allows to build these organotypic 3D con-
structs within their own tailor-made housing support for
dynamic in vitro maturation and screening. All these capabili-
ties position embedded bioprinting as a technology with a bio-
manufacturing potential difficult to be matched by other
current in vitro modeling alternatives. However, this potential
is just starting to be unblocked.

Looking toward the future, 3D bioprinting in support baths
has the possibility of adopting emerging technologies such as
machine learning99,100 and artificial intelligence that allow
faster modeling and simulation60 of the rheological, chemical
and biological properties of the baths to adapt them to the
new bioinks that are in development,101,102 thus allowing to
manufacture in vitro models with better mechanical pro-
perties, better printing resolution and allowing to improve cell
viability during and after the bioprinting process.103 One chal-
lenge to consider is the development of support baths with
greater optical transparency,38,104 particularly if they are aimed
to be annealed and used as functional housing device of
printed constructs. This will enable better visualization of the
resolution and fidelity of printed construct, as well as mini-
mize light scatter effects that negatively affect the observation
of MPS using standard microscopy techniques. On the other
hand, the effect of bath removing strategy and its residues
remaining on the bioprinted constructs on cell functions are
still unclear. Ensuring cell survival by either developing new
approaches to eliminate them or using the residues (or the
annealed bath itself ) to add new functionalities to printed con-
structs (e.g., as carrier systems for release of bioactive mole-
cules) is an underexplored but important issue to consider.105

The possibility of using support baths not only during the
bioprinting process but as a continuous medium35 with mod-
ulable properties over time106 (4D bioprinting) or the con-
trolled release of growth factors107 or genetic material108 is
another alternative that is certainly worth to be explored. The
same applies to the use of sacrificial inks with programmable
dissolution rates.109 This strategy will allow temporal control
over the spatial compartmentalization of the different cell
population, which have different differentiation and/or matu-
ration requirements that need to be considered before allowing
their direct physical contact on the support “bioreactor”
device. On the other hand, ATPS will enable to explore the fab-
rication of tubular structures to model different types of vascu-
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lar diseases, and to embed perfusable microfluidic structures
within the printed models with higher resolution, without con-
cerns of extrusion speed neither ink viscosity, or requirement
for removal of sacrificial inks.41,52 Despite performing better
than most non-supported extrusion-based bioprinting tech-
niques, another general challenge where the current in-bath
3D bioprinting technology still face some difficulties is in the
fabrication of physiologically-relevant human-scale models
capable of capturing the multiscale hierarchical complexity of
native tissue in a fast and reproducible manner. The recent
integration of embedded extrusion with volumetric printing
concepts might be a promising strategy to mitigate these
issues, allowing the fast production of large-sized sample repli-
cates with increased cellular and architectural complexicity.110

Capability for real-time assessment of physiological event is
an additional desirable functionality in advanced in vitro
models.111 Integration of microelectronic sensors112–115 allow-
ing real-time measurement of e.g., changes in pH,116 tempera-
ture, or mechanical properties117 in the fabricated models will
enable the in vitro monitoring of cell fate or other physiologi-
cal signals of interest in these MPS. In this particular aspect,
integration of machine learning concepts will certainly play
key roles in the future of MPS for processing multimodal data
inputs in a unified manner.

These are a few examples of the potential directions to be
explored for evolving the current state of the art in this field.
However, the possibilities are certainly much wider. Therefore,
we foresee exciting developments being made in the coming
years by integrating embedded bioprinting with new concepts
and technologies.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the financial support from Project
NORTE-01-0145-FEDER 000021 supported by Norte Portugal
Regional Operational Program (NORTE 2020), under the
PORTUGAL 2020 Partnership Agreement, through the
European Regional Development Fund (ERDF), the European
Union Framework Program for Research and Innovation
HORIZON 2020, under European Research Council Grant
Agreement 772817 and 101069302, Fundação para a Ciência e
a Tecnologia (FCT) for the for Contract 2020.03410.CEECIND
(to R. M. A. D.) and Wi-Pi project 2022.05526.PTDC. The sche-
matics of the Table of Contents graphic was created with
BioRender.com.

References

1 A. Slanzi, G. Iannoto, B. Rossi, E. Zenaro and
G. Constantin, Front. Cell Dev. Biol., 2020, 8, 328.

2 A. E. Alexander, N. Wake, L. Chepelev, P. Brantner, J. Ryan
and K. C. Wang, 3D Print. Med., 2021, 7, 8.

3 Z. U. Arif, M. Y. Khalid, M. F. Sheikh, A. Zolfagharian and
M. Bodaghi, J. Environ. Chem. Eng., 2022, 10, 108159.

4 T. Jiang, J. G. Munguia-Lopez, S. Flores-Torres, J. Kort-
Mascort and J. M. Kinsella, Appl. Phys. Rev., 2019, 6,
011310.

5 R. Suntornnond, W. L. Ng, X. Huang, C. H. E. Yeow and
W. Y. Yeong, J. Mater. Chem. B, 2022, 10, 5989–6000.

6 D. M. Kingsley, C. L. Roberge, A. Rudkouskaya,
D. E. Faulkner, M. Barroso, X. Intes and D. T. Corr, Acta
Biomater., 2019, 95, 357–370.

7 W. L. Ng, J. M. Lee, M. Zhou, Y.-W. Chen, K.-X. A. Lee,
W. Y. Yeong and Y.-F. Shen, Biofabrication, 2020, 12,
022001.

8 C. Mota, S. Camarero-Espinosa, M. B. Baker, P. Wieringa
and L. Moroni, Chem. Rev., 2020, 120, 10547–10607.

9 M. Rodríguez-Salvador, R. M. Rio-Belver and
G. Garechana-Anacabe, PLoS One, 2017, 12(6), e0180375.

10 I. Matai, G. Kaur, A. Seyedsalehi, A. McClinton and
C. T. Laurencin, Biomaterials, 2020, 226, 119536.

11 J. Groll, T. Boland, T. Blunk, J. A. Burdick, D.-W. Cho,
P. D. Dalton, B. Derby, G. Forgacs, Q. Li, V. A. Mironov,
L. Moroni, M. Nakamura, W. Shu, S. Takeuchi, G. Vozzi,
T. B. F. Woodfield, T. Xu, J. J. Yoo and J. Malda,
Biofabrication, 2016, 8, 013001.

12 B. Andreotti, O. Bäumchen, F. Boulogne, K. E. Daniels,
E. R. Dufresne, H. Perrin, T. Salez, J. H. Snoeijer and
R. W. Style, Soft Matter, 2016, 12, 2993–2996.

13 A. M’Barki, L. Bocquet and A. Stevenson, Sci. Rep., 2017,
7, 6017.

14 M. E. Cooke and D. H. Rosenzweig, APL Bioeng., 2021, 5,
011502.

15 L. M. Friedrich and J. E. Seppala, Soft Matter, 2021, 17,
8027–8046.

16 L. G. Brunel, S. M. Hull and S. C. Heilshorn,
Biofabrication, 2022, 14, 032001.

17 W. Liu, M. A. Heinrich, Y. Zhou, A. Akpek, N. Hu, X. Liu,
X. Guan, Z. Zhong, X. Jin, A. Khademhosseini and
Y. S. Zhang, Adv. Healthcare Mater., 2017, 6, 1601451.

18 L. Friedrich and M. Begley, Bioprinting, 2020, 19, e00086.
19 Y. Ze, Y. Li, L. Huang, Y. Shi, P. Li, P. Gong, J. Lin and

Y. Yao, Front. Bioeng. Biotechnol., 2022, 10, 461.
20 N. Noor, A. Shapira, R. Edri, I. Gal, L. Wertheim and

T. Dvir, Adv. Sci., 2019, 6, 1900344.
21 E. Y. S. Tan, R. Suntornnond and W. Y. Yeong, 3D Print.

Addit. Manuf., 2021, 8(1), 69–78.
22 A. K. Whitehead, H. H. Barnett, M. E. Caldorera-Moore

and J. J. Newman, Regener. Biomater., 2018, 5, 167–175.
23 A. Blaeser, D. F. Duarte Campos, U. Puster, W. Richtering,

M. M. Stevens and H. Fischer, Adv. Healthcare Mater.,
2016, 5(3), 326–333.

24 F. J. O’Brien, Mater. Today, 2011, 14, 88–95.
25 J. Kajtez, M. F. Wesseler, M. Birtele, F. R. Khorasgani,

D. Rylander Ottosson, A. Heiskanen, T. Kamperman,
J. Leijten, A. Martínez-Serrano, N. B. Larsen,

Minireview Biomaterials Science

5470 | Biomater. Sci., 2023, 11, 5462–5473 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:5

8:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm00626c


T. E. Angelini, M. Parmar, J. U. Lind and J. Emnéus, Adv.
Sci., 2022, 9, 2201392.

26 J. Liu, L. Li, H. Suo, M. Yan, J. Yin and J. Fu, Mater. Des.,
2019, 171, 107708.

27 F. Salaris, C. Colosi, C. Brighi, A. Soloperto, V. Turris,
M. C. Benedetti, S. Ghirga, M. Rosito, S. Di Angelantonio
and A. Rosa, J. Clin. Med., 2019, 8, 1595.

28 Q. Li, Z. Jiang, L. Ma, J. Yin, Z. Gao, L. Shen, H. Yang,
Z. Cui, H. Ye and H. Zhou, Biofabrication, 2022, 14,
035022.

29 X. Cui, J. Li, Y. Hartanto, M. Durham, J. Tang, H. Zhang,
G. Hooper, K. Lim and T. Woodfield, Adv. Healthcare
Mater., 2020, 9, 1901648.

30 M. E. Prendergast, J. A. Burdick, M. E. Prendergast and
J. A. Burdick, Adv. Mater., 2020, 32, 1902516.

31 Z. Zhang, C. Wu, C. Dai, Q. Shi, G. Fang, D. Xie, X. Zhao,
Y. J. Liu, C. C. L. Wang and X. J. Wang, Bioact. Mater.,
2022, 18, 138–150.

32 A. McCormack, C. B. Highley, N. R. Leslie and
F. P. W. Melchels, Trends Biotechnol., 2020, 38, 584–593.

33 X. Zeng, Z. Meng, J. He, M. Mao, X. Li, P. Chen, J. Fan and
D. Li, Acta Biomater., 2022, 140, 1–22.

34 R. Levato, T. Jungst, R. G. Scheuring, T. Blunk, J. Groll and
J. Malda, Adv. Mater., 2020, 32, 1906423.

35 M. Machour, N. Hen, I. Goldfracht, D. Safina,
M. Davidovich-Pinhas, H. Bianco-Peled and S. Levenberg,
Adv. Sci., 2022, 9, 2200882.

36 J. J. Senior, M. E. Cooke, L. M. Grover and A. M. Smith,
Adv. Funct. Mater., 2019, 29, 1904845.

37 L. Ning, J. Shim, M. L. Tomov, R. Liu, R. Mehta,
A. Mingee, B. Hwang, L. Jin, A. Mantalaris, C. Xu,
M. Mahmoudi, K. C. Goldsmith and V. Serpooshan, Adv.
Sci., 2022, 9, 2200244.

38 S. M. Bakht, M. Gomez-Florit, T. Lamers, R. L. Reis,
R. M. A. Domingues and M. E. Gomes, Adv. Funct. Mater.,
2021, 31, 2104245.

39 R. F. Monteiro, S. M. Bakht, M. Gomez-Florit,
F. C. Stievani, A. L. G. Alves, R. L. Reis, M. E. Gomes and
R. M. A. Domingues, ACS Appl. Mater. Interfaces, 2023.

40 A. Pardo, S. M. Bakht, M. Gomez-Florit, R. Rial,
R. F. Monteiro, S. P. B. Teixeira, P. Taboada, R. L. Reis,
R. M. A. Domingues and M. E. Gomes, Adv. Funct. Mater.,
2022, 32, 2208940.

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

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

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

44 W.-W. Cho, M. Ahn, B. S. Kim and D.-W. Cho, Adv. Sci.,
2022, 9, 2202093.

45 G. Gao, W. Park, B. S. Kim, M. Ahn, S. Chae, W.-W. Cho,
J. Kim, J. Y. Lee, J. Jang and D.-W. Cho, Adv. Funct. Mater.,
2021, 31, 2008878.

46 Q. Wu, K. Song, D. Zhang, B. Ren, M. Sole-Gras, Y. Huang
and J. Yin, Matter, 2022, 5, 3775–3806.

47 S. Li, J. Jin, C. Zhang, X. Yang, Y. Liu, P. Lei and Y. Hu,
Appl. Mater. Today, 2023, 30, 101729.

48 Q. Li, L. Ma, Z. Gao, J. Yin, P. Liu, H. Yang, L. Shen and
H. Zhou, ACS Appl. Mater. Interfaces, 2022, 14, 41695–
41711.

49 H. Honaryar, S. Amirfattahi and Z. Niroobakhsh, Small,
2023, 19, 2206524.

50 W. Hua, K. Mitchell, L. Raymond, B. Godina, D. Zhao,
W. Zhou and Y. Jin, ACS Biomater. Sci. Eng., 2021, 7, 4736–
4756.

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

52 M. Becker, M. Gurian, M. Schot and J. Leijten, Adv. Sci.,
2023, 10, 2204609.

53 G. Britchfield and A. Daly, bioRxiv, 2022, p. 09.10.507420..
54 T. H. Qazi, V. G. Muir and J. A. Burdick, ACS Biomater. Sci.

Eng., 2022, 8, 1427–1442.
55 T. H. Qazi and J. A. Burdick, Biomater. Biosyst., 2021, 1,

100008.
56 T. J. Hinton, Q. Jallerat, R. N. Palchesko, J. H. Park,

M. S. Grodzicki, H.-J. Shue, M. H. Ramadan, A. R. Hudson
and A. W. Feinberg, Sci. Adv., 2023, 1, e1500758.

57 D. J. Shiwarski, A. R. Hudson, J. W. Tashman and
A. W. Feinberg, APL Bioeng., 2021, 5, 010904.

58 A. M. Compaan, K. Song and Y. Huang, ACS Appl. Mater.
Interfaces, 2019, 11, 5714–5726.

59 S. G. Patrício, L. R. Sousa, T. R. Correia, V. M. Gaspar,
L. S. Pires, J. L. Luís, J. M. Oliveira and J. F. Mano,
Biofabrication, 2020, 12, 035017.

60 M. E. Prendergast and J. A. Burdick, Adv. Healthcare
Mater., 2022, 11, 2101679.

61 Y. Zhang, S. T. Ellison, S. Duraivel, C. D. Morley,
C. R. Taylor and T. E. Angelini, Bioprinting, 2021, 21,
e00121.

62 K. Zhou, Y. Sun, J. Yang, H. Mao and Z. Gu, J. Mater.
Chem. B, 2022, 10, 1897–1907.

63 K. H. Song, C. B. Highley, A. Rouff and J. A. Burdick, Adv.
Funct. Mater., 2018, 28, 1801331.

64 A. C. Daly, M. D. Davidson and J. A. Burdick, Nat.
Commun., 2021, 12, 753.

65 A. M. Compaan, K. Song, W. Chai and Y. Huang, ACS Appl.
Mater. Interfaces, 2020, 12, 7855–7868.

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

67 L. Lian, C. Zhou, G. Tang, M. Xie, Z. Wang, Z. Luo, J. Japo,
D. Wang, J. Zhou, M. Wang, W. Li, S. Maharjan,
M. Ruelas, J. Guo, X. Wu and Y. S. Zhang, Adv. Healthcare
Mater., 2022, 11, 2102411.

68 S. Hassan, E. Gomez-Reyes, E. Enciso-Martinez, K. Shi,
J. G. Campos, O. Y. P. Soria, E. Luna-Cerón, M. C. Lee,
I. Garcia-Reyes, J. Steakelum, H. Jeelani, L. E. García-
Rivera, M. Cho, S. S. Cortes, T. Kamperman, H. Wang,

Biomaterials Science Minireview

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 5462–5473 | 5471

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:5

8:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm00626c


J. Leijten, L. Fiondella and S. R. Shin, ACS Appl. Mater.
Interfaces, 2022, 14, 51602–51618.

69 J. S. Miller, PLOS Biol., 2014, 12, e1001882.
70 J. A. Brassard, M. Nikolaev, T. Hübscher, M. Hofer and

M. P. Lutolf, Nat. Mater., 2021, 20, 22–29.
71 J. H. Ahrens, S. G. M. Uzel, M. Skylar-Scott, M. M. Mata,

A. Lu, K. T. Kroll and J. A. Lewis, Adv. Mater., 2022, 34,
2200217.

72 H. Clevers, Cell, 2016, 165, 1586–1597.
73 T. Jiang, J. G. Munguia-Lopez, K. Gu, M. M. Bavoux,

S. Flores-Torres, J. Kort-Mascort, J. Grant, S. Vijayakumar,
A. De Leon-Rodriguez, A. J. Ehrlicher and J. M. Kinsella,
Biofabrication, 2019, 12, 15024.

74 C. Antich, J. de Vicente, G. Jiménez, C. Chocarro,
E. Carrillo, E. Montañez, P. Gálvez-Martín and
J. A. Marchal, Acta Biomater., 2020, 106, 114–123.

75 G. R. López-Marcial, A. Y. Zeng, C. Osuna, J. Dennis,
J. M. García and G. D. O’Connell, ACS Biomater. Sci. Eng.,
2018, 4, 3610–3616.

76 M. E. Prendergast, M. D. Davidson and J. A. Burdick,
Biofabrication, 2021, 13(4), 044108.

77 D. Petta, U. D’Amora, L. Ambrosio, D. W. Grijpma,
D. Eglin and M. D’Este, Biofabrication, 2020, 12, 32001.

78 A. Sadeghianmaryan, S. Naghieh, H. Alizadeh Sardroud,
Z. Yazdanpanah, Y. Afzal Soltani, J. Sernaglia and
X. Chen, Int. J. Biol. Macromol., 2020, 164, 3179–3192.

79 F. Pahlevanzadeh, R. Emadi, A. Valiani, M. Kharaziha,
S. A. Poursamar, H. R. Bakhsheshi-Rad, A. F. Ismail,
S. RamaKrishna and F. Berto, Materials, 2020, 13,
2663.

80 N. Contessi Negrini, N. Celikkin, P. Tarsini, S. Farè and
W. Święszkowski, Biofabrication, 2020, 12, 25001.

81 A. Leucht, A.-C. Volz, J. Rogal, K. Borchers and
P. J. Kluger, Sci. Rep., 2020, 10, 5330.

82 N. Diamantides, C. Dugopolski, E. Blahut, S. Kennedy and
L. J. Bonassar, Biofabrication, 2019, 11, 45016.

83 S. Zhang, D. Huang, H. Lin, Y. Xiao and X. Zhang,
Biomacromolecules, 2020, 21, 2400–2408.

84 A. J. Vernengo, S. Grad, D. Eglin, M. Alini and Z. Li, Adv.
Funct. Mater., 2020, 30, 1909044.

85 S. Gupta, H. Alrabaiah, M. Christophe, M. Rahimi-Gorji,
S. Nadeem and A. Bit, J. Biomed. Mater. Res., Part B, 2021,
109, 279–293.

86 H. Ravanbakhsh, Z. Luo, X. Zhang, S. Maharjan,
H. S. Mirkarimi, G. Tang, C. Chávez-Madero, L. Mongeau
and Y. S. Zhang, Matter, 2022, 5, 573–593.

87 P. N. Bernal, M. Bouwmeester, J. Madrid-Wolff,
M. Falandt, S. Florczak, N. G. Rodriguez, Y. Li,
G. Größbacher, R. Samsom, M. van Wolferen, L. J. W. van
der Laan, P. Delrot, D. Loterie, J. Malda, C. Moser, B. Spee
and R. Levato, Adv. Mater., 2022, 34, 2110054.

88 B. Kang, Y. Park, D. G. Hwang, D. Kim, U. Yong, K. S. Lim
and J. Jang, Adv. Mater. Technol., 2022, 7, 2100947.

89 A.-N. Cho, Y. Jin, Y. An, J. Kim, Y. S. Choi, J. S. Lee, J. Kim,
W.-Y. Choi, D.-J. Koo, W. Yu, G.-E. Chang, D.-Y. Kim,
S.-H. Jo, J. Kim, S.-Y. Kim, Y.-G. Kim, J. Y. Kim, N. Choi,

E. Cheong, Y.-J. Kim, H. S. Je, H.-C. Kang and S.-W. Cho,
Nat. Commun., 2021, 12, 4730.

90 T. J. Keane, J. Dziki, A. Castelton, D. M. Faulk,
V. Messerschmidt, R. Londono, J. E. Reing, S. S. Velankar
and S. F. Badylak, J. Biomed. Mater. Res., Part B, 2017, 105,
291–306.

91 F. Zhao, J. Cheng, M. Sun, H. Yu, N. Wu, Z. Li, J. Zhang,
Q. Li, P. Yang, Q. Liu, X. Hu and Y. Ao, Biofabrication,
2020, 12, 045011.

92 S. Chae, Y. Sun, Y.-J. Choi, D.-H. Ha, I. Jeon and
D.-W. Cho, Biofabrication, 2021, 13, 035005.

93 J. Schwan, A. T. Kwaczala, T. J. Ryan, O. Bartulos, Y. Ren,
L. R. Sewanan, A. H. Morris, D. L. Jacoby, Y. Qyang and
S. G. Campbell, Sci. Rep., 2016, 6, 32068.

94 S. Sart, S. N. Agathos and Y. Li, Biotechnol. Prog., 2013, 29,
1354–1366.

95 A. D. Theocharis, S. S. Skandalis, C. Gialeli and
N. K. Karamanos, Adv. Drug Delivery Rev., 2016, 97, 4–27.

96 R. Sobreiro-Almeida, M. Gómez-Florit, R. Quinteira,
R. L. Reis, M. E. Gomes and N. M. Neves, Biofabrication,
2021, 13, 45006.

97 B. S. Kim, Y. W. Kwon, J.-S. Kong, G. T. Park, G. Gao,
W. Han, M.-B. Kim, H. Lee, J. H. Kim and D.-W. Cho,
Biomaterials, 2018, 168, 38–53.

98 Y.-J. Choi, Y.-J. Jun, D. Y. Kim, H.-G. Yi, S.-H. Chae,
J. Kang, J. Lee, G. Gao, J.-S. Kong, J. Jang, W. K. Chung,
J.-W. Rhie and D.-W. Cho, Biomaterials, 2019, 206, 160–
169.

99 J. Lee, S. J. Oh, S. H. An, W. D. Kim, S. H. Kim and
S. H. Kim, Biofabrication, 2020, 12, 035018.

100 J. M. Bone, C. M. Childs, A. Menon, B. Póczos,
A. W. Feinberg, P. R. LeDuc and N. R. Washburn, ACS
Biomater. Sci. Eng., 2020, 6, 7021–7031.

101 S. M. Bakht, A. Pardo, M. Gómez-Florit, R. L. Reis,
R. M. A. Domingues and M. E. Gomes, J. Mater. Chem. B,
2021, 9, 5025–5038.

102 A. L. Graça, R. M. A. Domingues, M. Gomez-Florit and
M. E. Gomes, Int. J. Mol. Sci., 2023, 24, 3516.

103 L. Lemarié, A. Anandan, E. Petiot, C. Marquette and
E.-J. Courtial, Bioprinting, 2021, 21, e00119.

104 A. Shapira, N. Noor, H. Oved and T. Dvir, Biomed. Mater.,
2020, 15, 045018.

105 J. Zeng, N. Kasahara, Z. Xie, F. Louis, D. Kang,
Y. Dekishima, S. Kuwagaki, N. Sakai and M. Matsusaki,
Biofabrication, 2023, 15, 035013.

106 Y. Wang, J. An and H. Lee, Mol. Syst. Des. Eng., 2022, 7,
1588–1601.

107 H. Cui, W. Zhu, M. Nowicki, X. Zhou, A. Khademhosseini
and L. G. Zhang, Adv. Healthcare Mater., 2016, 5(17),
2174–2181.

108 T. Gonzalez-Fernandez, S. Rathan, C. Hobbs, P. Pitacco,
F. E. Freeman, G. M. Cunniffe, N. J. Dunne,
H. O. McCarthy, V. Nicolosi, F. J. O’Brien and D. J. Kelly,
J. Controlled Release, 2019, 301, 13–27.

109 B. G. Soliman, A. Longoni, M. Wang, W. Li, P. N. Bernal,
A. Cianciosi, G. C. J. Lindberg, J. Malda, J. Groll, T. Jungst,

Minireview Biomaterials Science

5472 | Biomater. Sci., 2023, 11, 5462–5473 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:5

8:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm00626c


R. Levato, J. Rnjak-Kovacina, T. B. F. Woodfield,
Y. S. Zhang and K. S. Lim, Adv. Funct. Mater., 2023, 33,
2210521.

110 D. Ribezzi, M. Gueye, S. Florczak, F. Dusi, D. de Vos,
F. Manente, A. Hierholzer, M. Fussenegger, M. Caiazzo,
T. Blunk, J. Malda and R. Levato, Adv. Mater., 2023,
2301673.

111 D. E. Ingber, Nat. Rev. Genet., 2022, 23, 467–491.
112 Y.-G. Park, I. Yun, W. G. Chung, W. Park, D. H. Lee and

J.-U. Park, Adv. Sci., 2022, 9, 2104623.

113 M. Słoma, Nanoscale, 2023, 15, 5623–5648.
114 Y. Liu, H. Li, Q. Feng, H. Su, D. Li, Y. Shang, H. Chen,

B. Li and H. Dong, ACS Omega, 2022, 7, 9834–9845.
115 Q. Wu, F. Zhu, Z. Wu, Y. Xie, J. Qian, J. Yin and H. Yang,

npj Flexible Electron., 2022, 6, 50.
116 A. Z. Nelson, B. Kundukad, W. K. Wong, S. A. Khan and

P. S. Doyle, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 5671–
5679.

117 R. Tao, F. Granier and D. Therriault, Addit. Manuf., 2022,
60, 103243.

Biomaterials Science Minireview

This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 11, 5462–5473 | 5473

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:5

8:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3bm00626c

	Button 1: 


