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Advances in Cell-Rich Inks for Biofabricating Living
Architectures

José Almeida-Pinto, Beatriz S. Moura, Vítor M. Gaspar,* and João F. Mano*

Advancing biofabrication toward manufacturing living constructs with
well-defined architectures and increasingly biologically relevant cell densities
is highly desired to mimic the biofunctionality of native human tissues. The
formulation of tissue-like, cell-dense inks for biofabrication remains, however,
challenging at various levels of the bioprinting process. Promising advances
have been made toward this goal, achieving relatively high cell densities that
surpass those found in conventional platforms, pushing the current
boundaries closer to achieving tissue-like cell densities. On this focus, herein
the overarching challenges in the bioprocessing of cell-rich living inks into
clinically grade engineered tissues are discussed, as well as the most recent
advances in cell-rich living ink formulations and their processing technologies
are highlighted. Additionally, an overview of the foreseen developments in the
field is provided and critically discussed.

1. Introduction

Human living tissues are naturally heterogeneous, being com-
prised of different cell types and tissue-specific extracellular ma-
trix (ECM) that self-organize into intricate 3D architectures with
complex microarchitecture, physiology, biomechanical, and mor-
phogen gradients.[1] In these elegant systems, cells actively com-
municate with each other (cell-to-cell) and their surroundings
(cell-to-matrix), resorting to biophysical and biochemical medi-
ators to dynamically regulate biological responses and maintain
proper tissue biofunction.[2]

Over the years, the scientific community of tissue engineering
and regenerative medicine has been striving to engineer artificial
organs/tissues that closely recapitulate the fine cellular and archi-
tectural features of native human tissues. However, this goal is
yet to be achieved as the current technologies are still ineffective
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at recapitulating the complex intricacies
of native tissues, thus failing at pro-
ducing suitable tissue/organ analogs.[3]

In native tissues, intricate cell-to-
cell/matrix interactions are dynamically
established to ensure proper cellular or-
ganization and tissue homeostasis.[4] As
effective cell cross-communication takes
place in earlier time points of tissue devel-
opment, cells tightly communicate through
different mechanisms, including secre-
tion of signaling factors, establishment
of adherens and tight junctions via direct
coupling of membrane molecules (e.g., cad-
herins, integrins), and gap junctions.[5–7]

While moving in the timeline of tissue
development, the cell–cell crosstalk and
deposition/remodeling of the extracellular

matrix ultimately leads to the establishment of dynamic cell–
matrix signaling events (e.g., cellular mechanotransduction),
that are crucial to ensure proper tissue formation and tissue
homeostasis.[4,8] Considering this, the recapitulation of the cell
richness of living tissues is regarded as one of the most criti-
cal aspects tobe attained when designing/engineering 3D living
architectures.[9] Such feature is crucial to ensure the establish-
ment of effective cellular cross-communication in early develop-
ment stages. These are then key to guide tissue morphogenesis
and maturation along time, ensuring the biological potential of
the designed engineered tissues.[10]

Despite varying among different tissues/organs, it is esti-
mated that the cellular density of native human tissues is within
the order of 1 to 3 billion cells mL−1.[9,11,12] However, conven-
tional tissue engineering platforms (i.e., hydrogels, fiber meshes,
sponges, etc.) are mainly designed, resorting to cell-free or cell-
laden biomaterial-based structures that physically entrap cells
within a biomaterial network or via postseeding processes.[1,13]

As a result, these platforms are often bioengineered with nonbio-
logically relevant cell densities (≤ 1 × 107 cells mL−1).[9,14,15] Con-
sequently, the resultant architectures fail to recapitulate critical
aspects of native tissues, including self-organization and bioac-
tivity, due to a lack of cell–cell crosstalk.[13,16] In light of this, there
has been a paradigm shift toward the usage of increasingly bio-
logically relevant cell densities to create living architectures, with
new technologies emerging to improve cell density recapitula-
tion. The achievement of high cell densities allows the establish-
ment of improved cell-to-cell communication, resulting in the
formation of living structures with tissue-like biofunctionalities
and enhanced biological and clinical performance.[17,18] For in-
stance, researchers have shown that cardiac tissues engineered
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with 4 × 107 cells mL−1 exhibit spontaneous beating.[19] How-
ever, one must take into consideration that, extremely high cell
densities can pose major nutrition/oxygenation challenges, ulti-
mately resulting in the necrosis of biofabricated tissue-mimetic
architectures.[17,20] Therefore, efforts should be directed toward
the development of platforms capable of processing optimal high
densities suitable for a specific tissue, while mimicking the differ-
ences found for each cell type.[21] When aiming to fabricate tissue
mimetic living constructs with architectural complexity similar
to native tissues, biofabrication tools play a critical role in pro-
cessing high cell densities into spatially defined arrangements.[9]

3D bioprinting can be perceived as a fundamental piece in the
biofabrication of engineered tissues. It enables the processing
of multiple building blocks into precise spatial arrangements
with high resolution, showing great potential to generate de
novo biomimetic living tissues.[22] Exploiting cells as fundamen-
tal building blocks for bottom-up engineering places the field one
step closer to fabricating tissue-like living architectures.[13]

Currently, the processing of such cell-rich inks into tissue-
like living architectures remains hampered by numerous chal-
lenges (i.e., cell viability, resolution, scale-up, maturation, etc.),
hindering the successful processing of cell-rich living inks into
living structures with architectural complexity and adequate
resolution.[18,23–25] Despite the advances made toward the pro-
cessing of high cell densities (e.g., >2 × 107 cells mL−1), the print-
ing of tissue-like cell densities is still far from being realized, and
innovative methodologies are needed to fabricate and process an
outstanding number of living building blocks into spatially orga-
nized functional structures.

Regarding this, herein we aim to showcase the recent advances
in the development of cell-rich inks intended for advanced bio-
fabrication, especially for high-cell-density 3D bioprinting (HCD
3D bioprinting). Throughout this review, we highlight the hot
topic challenges that currently hinder the HCD bioprinting field
and how the scientific community has been elegantly engineer-
ing cell-rich inks with increasingly higher cell densities (>2 ×
107 cells mL−1), by exploring different living building blocks (uni-
tary cells, spheroids, tissue strands, organoids, etc.). Additionally,
we provide a critical overview of the foreseen advances of the
field, especially regarding the design of living inks with tissue-
like cell densities and advances in bioprinting platforms to even-
tually generate highly biomimetic 3D engineered tissue/organ
analogs able to translate for clinical applications.

2. Toolboxes and Challenges for Engineering
Cell-Rich Living Inks

Up-to-date, the field has been mostly focused on developing
bioink formulations that are inherently rich in biomaterials,
while incorporating relatively low cell densities per bioink vol-
ume (i.e., high biomaterial-to-cell ratio). While such formulations
provide superior printability and higher potential for scalabil-
ity, such bioinks tend to restrict cellular reorganization within
the constructs and limit cell–cell interactions, which directly
interferes with the biological maturation of the printed con-
struct (e.g., cell proliferation, scaffold degradation, de novo ECM
deposition).[26–28] Since material–material cross-linking mecha-
nisms are crucial to the assembly of such cell-laden biomaterial-
based structures, the biomaterial-to-cell ratio should be high

enough so that cells do not hinder the cross-linking effi-
ciency. Considering this lack of biomimicry to native tissues, a
paradigm shift toward reversing such design (i.e., to high cell-to-
biomaterial ratio) has potential to improve the overall biological
performance of biofabricated living architectures, by maximizing
cell-to-cell communication and improving tissue formation.

Despite the remarkable advances in HCD bioprinting, the de-
velopment of clinical-grade engineered tissues/organs through
the processing of cell-rich inks by advanced biofabrication tech-
niques is still far from being reached. Numerous hurdles remain
to be solved and simultaneously combined, including: i) recapit-
ulation of the architectural and organizational complexity of na-
tive tissues by addressing aspects such as multicellularity, mor-
phogenic/topologic cues, embedding vascularization, resolution
of cell placement, and mechanical robustness; ii) ensuring cy-
tocompatibility and maturation to achieve physiologic levels of
biological functionality; iii) quality control and safety standards;
iv) supply of cellular materials; among others. Nonetheless, with
emerging advances in the scalability and resolution of 3D bio-
printing platforms, the biomanufacturing of clinical-grade engi-
neered tissues will eventually become a reality (Figure 1).

2.1. HCD Biofabrication Platforms

In an attempt to unlock HCD bioprinting, a plethora of widely
known biofabrication techniques have been explored over the
years to successfully process cell-rich living inks, including
droplet-based, extrusion-based, digital light processing (DLP),
volumetric bioprinting, Kenzan bioprinting methodology, and
aspiration-assisted bioprinting.[22,25,29,30] Nonetheless, despite the
advances in multiple bioprinting technologies, there are still dif-
ficulties in simultaneously processing multiple cell types into
specific patterns while ensuring the high resolution and cyto-
compatibility of the structure.[23] Aside from typical drawbacks
of each printing technology, when high cell densities are added
to the equation, the layer of challenges becomes thicker, hinder-
ing the rapid progress of the field. Considering this, huge efforts
have been made in the development of new and/or improved
technologies to process such high cell densities. These main
drawbacks are usually regarded and presented as the density–
viability–resolution trilemma of 3D bioprinting, which states the
difficulty of simultaneously process relatively high cell densi-
ties with high resolution while ensuring high cell viability.[9]

As already defined in the literature, herein we will be consid-
ering a cell density of 2 × 107 cells mL−1 as the baseline for
HCD bioprinting.[9] Despite covering the current state-of-the-
art technologies, this baseline value can strongly vary consider-
ing the platforms employed, and certain approaches have already
achieved a higher baseline. Following this trend, we may expect
that this value will dramatically increase with the advances in bio-
fabrication technologies and living ink formulations, moving to-
ward increasingly higher and more tissue-mimetic cell densities.

Droplet-based bioprinting, such as inkjet-based and
microvalve-based technologies, have been widely used for fabri-
cating cell-laden 3D constructs via the deposition of controlled
volumes onto predefined regions of a receiving substrate.[25,31]

Droplet-based strategies offer several advantages, including high
cell viability, speed, and accuracy, as well as the possibility to
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Figure 1. Schematic illustration of the representative building blocks used in living inks formulations and their processing under different biofabrication
techniques. Upon adequately selecting the living ink composition and respective biofabrication platform, the living inks can be processed to generate
living materials. The printing of cell-rich structures and engineered tissues/organs presents multiple challenges imposed by current technologies and ink
formulations, including the capability to closely recapitulate the architectural intricacies of native tissues, the need for a properly functional embedded
vascularization to ensure tissue viability and functionality, as well as others such as scaling-up problems, tissue integrability, and proper fusion and
maturation of the combined building blocks.
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introduce gradients by tuning drop densities and sizes.[25,32]

Despite such advantageous processing properties, droplet-based
bioprinting methodologies also suffer from multiple drawbacks.
One common limitation is the limited ranges of processable
material viscosity (e.g., especially for inkjet-based bioprinting),
since the bioink should be in a liquid-like form to enable the
formation of droplets and avoid nozzle clogging.[25,32] Owing to
this, such platform is strongly limited to the incorporation of
biomaterials capable of promoting cross-linking of the living
inks and generate stable structures. Moreover, to aid in droplet
formation, these platforms are usually limited to suboptimal cell
densities, far from biologically relevant, where an increment to
higher cell densities could also result in an inhibition of cross-
linking mechanisms and an increase in viscosity, hindering the
translation of such technologies for HCD bioprinting.[25,33,34]

In general, droplet-based bioprinting presents an appreciable
resolution (>50 μm).[33] However, this is still far from the desired
resolution to respond to the 3D bioprinting trilemma, while
aiming for the fabrication of highly biomimetic tissues that
recapitulate critical architectural features.[29] Besides that, these
methodologies are unsuitable for recapitulating significant thick-
ness values, hindering their translation to large-scale engineered
tissues.[29] Nonetheless, despite the numerous drawbacks of this
bioprinting category, which hinders the successful translation to
HCD bioprinting, certain research groups have been pushing
droplet-based bioprinting toward the printing of increasingly
higher cell densities. For instance, a reactive jet impingement
platform was successfully developed to print cell densities of 4 ×
107 cells mL−1 with high printing speed and droplet accuracy.[35]

Additionally, an inkjet-based bioprinting platform resorted to a
piezoelectric dispenser, having printed cell-rich inks with 2.5 ×
107 cells mL−1, leveraging on the resulting cell-dense droplets as
building blocks for fabrication of higher order architectures.[36]

On the other hand, extrusion-based bioprinting consists of
a layer-by-layer deposition of a continuous filament of bioink,
loaded with living building blocks onto the desired locations to
fabricate 3D architectures.[34] Usually, in this modality the living
building blocks are commonly combined with a wide range of
biocompatible materials, preferably with shear-thinning behav-
ior and cross-link triggers (i.e., light, thermal, chemical) to pro-
duce a stable structure.[33] A critical advantage of extrusion-based
bioprinting over other bioprinting methodologies is its ability
and propensity to process high cell densities, attracting great at-
tention as a platform for HCD bioprinting of living inks com-
prised by a nonlimited range of building blocks. However, this
methodology can be unsuitable for high-resolution deposition of
the building blocks due to nozzle and extrusion pressure limita-
tions, which strongly impacts cell viability due to the shear stress
exerted during the extrusion process.[37–39] This impact in cyto-
compatibility becomes more evident when translating to HCD
bioprinting, where an increasing cell density or usage of larger
building blocks, such as spheroids, requires the use of larger noz-
zles (usually >200 μm) to mitigate the shear stresses and ensure
high viability and consequently proper tissue functionality.[33,34]

Such physical limitation results in poor printing resolutions, thus
failing to recapitulate the structural complexity of native human
tissues, and in slow printing speeds.[33] However, resorting to
special supporting baths, such difficulties have been mitigated.
For instance, living inks have been successfully printed into pho-

toreactive microgel slurries, which helps to maintain high print
fidelity, allowing the printing of living structures without the in-
corporation of biomaterials in the ink’s formulation to provide
integrity.[40] Despite this, extrusion-based bioprinting represents
a promising platform to urge HCD bioprinting by being capable
of processing multiple living building blocks into relatively large
living structures.[17,23] A synergistic combination with microflu-
idics may allow the prealignment of the living building blocks
prior to the printing process. This approach can drastically re-
duce the risk of clogging associated with nozzle-based platforms
and contribute to mitigating the shear stress in cell-rich inks.
Additionally, the exploitation of materials such as microgels and
nanoparticles, as ink lubricants may also contribute to the reduc-
tion of the shear stress by altering the rheologic properties of the
living ink during the extrusion process.

Aside from the “1D-to-3D” printing logic followed by
extrusion- and droplet-based bioprinting technologies, light-
based bioprinting, including DLP and volumetric bioprinting,
rely on the delivery of light into specific locations of a photore-
active ink, either in a layer-by-layer light projection style (“2D
plane-to-3D structure” logic) or in a layerless light tomography
approach to generate 3D structures.[9,23] In contrast to extrusion-
based technologies, which present physical limitations that fur-
ther limit printing resolution, light-based bioprinting is capable
of achieving micrometer-scale resolutions, that can even extend
to the sub-micrometer scale.[9,38] Regarding such precision, these
platforms have the potential to recapitulate fine and complex fea-
tures of native tissues. Despite their potential, the incorporation
of increasing cell numbers into the living ink formulations re-
sults in a higher light scattering effect, and thus the printing
resolution decreases.[41] Such effect becomes more pronouced
when higher cell densities or high-order building blocks (e.g.,
spheroids and organoids) are included in living ink formulations,
especially due to the increase in the mismatch between the refrac-
tive index of cells and the surrounding environment.[9] As a con-
sequence, the printing resolution and exploitable cellular densi-
ties are limited in these platforms, imposing barriers to a success-
ful high-resolution HCD bioprinting. In suboptimal cell density
studies, these effects have started to be mitigated by computa-
tional approaches,[41,42] or through the incorporation of chemi-
cal additives, that are usually cytotoxic for cells.[43] However, the
incorporation of iodixanol, a biocompatible chemical additive,
into a cell-rich ink (>1 × 108 cells mL−1) successfully allowed
researchers to tune the refractive index of the ink, allowing the
printing of structures with biologically relevant cell densities and
a resolution of ≈50 μm.[9,44]

Despite volumetric bioprinting has enabled researchers to
achieve higher fabrication speeds when compared to DLP-based
techniques, the overall resolution becomes intrinsically more af-
fected by light scattering events, for example, as those related to
high cell densities.[9,41,44] Owing to this, volumetric bioprinting
is currently rather limited when the processing of high cell den-
sities is desired. Nonetheless, despite not achieving yet the cell
density baseline herein defined, advancements toward the pro-
cessing of higher cell densities have been made using this ele-
gant technology. By exploring such technique, researchers were
recently able to successfully fabricate complex centimeter-scale
liver-like tissues by using a gelatin-methacryloyl (GelMA)-based
bioresin, optically tuned with iodixanol.[44] Such setup allowed
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the processing of hepatic-organoid- and single-cell-based struc-
tures, with relatively high cell densities, up to 1.5 × 107 cells
mL−1, paving new ways toward the exploitation of volumetric bio-
printing to process increasing cell densities.

Besides the typical bioprinting platforms, new methodologies
for HCD bioprinting have been emerging, especially through the
processing of cellular aggregates as the fundamental building
blocks. In these approaches, Kenzan bioprinting has been highly
explored for bioprinting of spheroids in a scaffold-free manner
by resorting to a needle array that provides temporary support to
precisely position the advanced building blocks.[30,45] However,
spheroids are subject to physical disruption forces, mandatorily
requiring a set of same-sized spheroids to properly fit in the nee-
dle array, while at the same time experiencing challenges regard-
ing the z-axis positioning.[46,47] Alternatively, resorting to aspi-
ration forces, aspiration-assisted bioprinting (AAB) has also en-
abled the picking and precise placing of living spheroids with
appreciable positioning resolution.[46,48] Recently, AAB has been
used for bioprinting tissue spheroids via spatial positioning
into sacrificial gels, allowing the retrieval of the structure after
spheroid fusion and structure maturation.[46] Using this strategy,
spheroids have been printed into self-healing yield-stress gels,
with considerable placement precisions between ≈11% and 15%
with respect to spheroid size.[46,48] AAB-based approaches have
great potential for addressing common drawbacks found in other
biofabrication technologies for processing spheroid-containing
cell-rich inks. Nonetheless, aspiration forces may need to be
tuned according to the specific surface tension of the building
blocks in order to avoid disruption and cell damage.[49]

Ideally, engineered living inks should fulfill certain requi-
sites that can match the needs of specific biofabrication plat-
forms, while ensuring cell viability and functionality of the final
architectures.[27] However, when moving toward HCD bioprint-
ing, implementing/tuning such ink properties becomes ever
more challenging (Table 1). Despite the enhanced biological per-
formance of living inks, owing to their high-cell densities, their
mechanical/rheological properties may become a limiting factor,
thus hindering their processability by widespread biofabrication
technologies that are commonly used in the field.[26,50] In order
to fulfill the needs required for HCD printing, important param-
eters, including resolution, scalability, cell viability (pre-, during-
, and postprinting) and processing speed, should be addressed
and improved to evolve the field.[23] These may be achieved by im-
proving technical issues of the distinct biofabrication techniques,
and/or the tuning of ink’s formulation and properties, with the
possibility to incorporate minimal fractions of biomaterials, to
either act as cross-linking agents or as supportive sacrificial ma-
terials, that can provide initial structural integrity while allowing
cellular fusion at later stages of maturation.[51]

2.2. Scale-Up

The successful creation of clinically transplantable large-scale tis-
sues is also strongly limited by the scaling limitations of 3D bio-
printing. For instance, an outstanding number of cells are re-
quired to be processed as living building blocks in cell-rich inks
and to be patterned at the macroscale. Considering that a typical
human adult-size solid organ is composed of 10–300 billion cells,

HCD printing of clinically relevant engineered tissues/organs is
currently limited by the lack of cellular material.[11,54] Further-
more, the amount of cellular material drastically increases if one
accounts for the numerous variables that should be considered
while designing clinical-grade organs (e.g., quality control, print-
ing parameters, perfusion, or maturation optimization).[11,23]

Considering this, researchers have proposed a manufacture-to-
printer pipeline to provide 3D bioprinting with enough cellu-
lar material to include in cell-rich inks formulations for generat-
ing large-scale tissues. This manufacture-to-printer pipeline will
be critical for the scalable production of viable building blocks
to be employed in tissue-scale HCD bioprinting, revealing the
importance of automated bioreactors as critical inputs for this
emerging field.[11] Moreover due to the large amount of ink and
bioprinting time required to completely print macroscale tis-
sues/organs, special attention should also be provided to the de-
hydration of the ink, during the printing process.[23]

2.3. Vascularization and Tissue Oxygenation

Besides the lack of cellular material, macroscale tissue fabrica-
tion has also been limited by the absence of engineered vascular
networks capable of maintaining the viability of engineered tis-
sues during the maturation process, by providing a continuous
supply of nutrients and oxygen, as well as ensuring waste prod-
ucts removal, along the engineered tissue.[15,23,29,55] Once tissue
volume exceeds the vascularization threshold (≈1 mm3), the via-
bility starts to decrease due to the lack of an embedding vascula-
ture, thus vascular networks should be simultaneously included
during the biofabrication process.[15,23,56]

However, the bioengineering of natural-like hierarchically
branched and perfusable vasculature networks, that closely re-
capitulate those found in native tissues, represents a major chal-
lenge that needs to be addressed to ensure viable large-scale en-
gineered tissues.[57] Resorting to embedded printing methods,
such as sacrificial writing into functional tissue, perfusable and
branched embedded vasculature has been created by printing a
sacrificial ink within a compacted granular organoid bath.[15] Af-
ter organoid fusion and maturation, the sacrificial ink is sub-
sequently removed, leaving a perfusable and branched vascu-
lar tree embedded within the engineered tissue of biologically
relevant cell densities (≈2 × 108 cells mL−1).[15] Additional em-
bedding technologies, such as freeform reversible embedding
of suspended hydrogels[58] have also been explored, as well as
the extrusion of living inks comprised uniquely by spheroids to
design multilayered and branched tubular structures to mimic
the complex features of native tissue vasculature.[52] Addition-
ally, the combination of HCD bioprinting with soft microfluidics
holds great promise in attempting to recapitulate the dense and
branched capillary networks.[59]

Other strategies may also be explored to ensure the oxygen
supply to large-scale engineered tissues. Oxygen-releasing mate-
rials (ORMs) have been explored to precisely control the oxygena-
tion of engineered tissues, addressing typical hypoxia-related
events, and promoting a higher viability and functionality of the
constructs.[60,61] The inclusion of oxygen-generating materials
(i.e., calcium peroxide (CPO))[62,63] or oxygen carriers (i.e., per-
fluorocarbon compounds)[64,65] in living ink formulations may be
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advantageous when aiming toward viable macroscale tissues. For
instance, hydrophobic oxygen-generating micromaterials were
developed through the encapsulation of CPO in polycaprolac-
tone microparticles.[66] The oxygen-generating system allowed a
prolonged and controlled oxygen release, leading to a higher pro-
duction of vascular endothelial growth factor and promotion of
proangiogenic hypoxia. Considering this, self-oxygenation sys-
tems may potentially improve the survival of large-scale engi-
neered tissues by driving full-thickness vascularization. Nonethe-
less, despite addressing hypoxia-related problems, such strate-
gies are still regarded as a short-term option since they lack the
capability to address the nutritional and waste-clearing needs of
macroscale tissues. Thus, the inclusion of ORMs in living ink
formulations may be a valuable complementary option to as-
sure proper oxygenation and stimulation of vascularization in
large-scale constructs, improving the survival rates of engineered
tissues during the initial developmental states.[66] Advances in
other oxygenation platforms, such as electrocatalytic on-site oxy-
genators, developed to produce and deliver regulated dosages
of oxygen locally, hold great promise to sustain cell viability in
cell-dense constructs by improving tissue oxygenation.[67] Ad-
ditional strategies arise while exploiting higher-order building
blocks, specially coculture with endothelial cells, that allow the
development of prevascularized units which can be further com-
bined as building blocks and enhance vascularization of printed
constructs.[28] Following this rationale, researchers have been
combining endothelial and mesenchymal stem cells (MSCs) to
generate spheroids that reveal enhanced osteogenic differentia-
tion and angiogenic potential, which were explored for bone tis-
sue bioprinting via AAB.[68] Moreover, human-induced pluripo-
tent stem cell derived endothelial cells (ECs) were combined with
MSCs and iPSC-derived cortical neural progenitor cells, to study
neural–vascular interactions.[69] Despite of not achieving mature
vascular structures, improvements in the design of prevascular-
ized units are expected to contribute to vascularization of living
structures.

Dynamic perfusion culture approaches are also increasingly
emerging as a valuable strategy for ensuring long-term survival
of cell-dense living constructs, by providing a dynamic and con-
trolled culture environment that homogeneously ensures the
supply of nutrients and oxygen, as well as dynamic fluid-flow-
associated stimulation, that may help in the development of cer-
tain types of tissues (e.g., bone tissue).[70–72] In the future, when
clinical applications are envisioned, the usage of perfusion biore-
actors, allied to advanced vascularization/oxygenation strategies,
may contribute to improve the overall cell viability and biofunc-
tionalities of tissue-mimetic constructs.[70] In this line of think-
ing, interesting setups combining volumetric bioprinting and dy-
namic perfusion have been revealing promising results in the
study and enhancement of hepatic functions of the liver-like
tissues.[44]

2.4. Tissue Maturation and Handleability

Ultimately, the post-HCD bioprinting process requires the suc-
cessful assembly of the printed smaller living building blocks
into mechanically robust high-order living structures with
tissue-matched biofunctionalities, capable of maintaining their
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integrity during the maturation, handling, and eventually, trans-
plantation processes.[22,73] However, in 3D bioprinting of cell-
rich inks, normal tissue morphogenesis is bypassed, thus a
longer maturation period is required in order to ensure the self-
assembly and fusion of the living building blocks into cohesive
structures through the formation of native cell–cell and cell–
matrix interactions via native cell adhesion molecules (e.g., E-
, N-, P-cadherins, integrins, etc.).[23,25,74–76] This naturally based
cross-linking process is critical to ensure robustness for handling
processes and is the most widely found cross-linking process cur-
rently explored in HCD bioprinting. Currently, supporting baths
are widely exploited to sustain the constructs and maintain their
spatial arrangement while the self-assembly process occurs.[77]

For instance, self-healing hydrogel supporting baths, based on
adamantane/cyclodextrin host–guest pair, have been designed to
maintain the precise spatial arrangement of spheroids during the
deposition, as well as fusion processes.[47]

Nevertheless, natural self-assembly processes usually take
long periods, which can extend up to several days.[15,23] Thus, the
design of functional building blocks by resorting to cell engineer-
ing techniques may help to speed up the maturation process. By
chemically or genetically programming the self-assembly process
in a user-defined manner, higher spatiotemporal resolution over
the fabrication process may be attained, improving the process-
ability of the engineered tissues.[109] This accelerated assembly
rationale is still in its infancy, however huge advances have been
made toward this aim. By combining metabolic glycoengineer-
ing with bioorthogonal chemistry, high-cell-density living mate-
rials have been developed by exploiting bioorthogonal reactions
between azide moieties displayed at metabolic glycoengineered
cells and dibenzocyclooctyne groups in polymeric networks of
branched alginate.[78] Despite not being yet applied for bioprint-
ing purposes, the injectability of such systems shows great po-
tential, resembling interesting living inks to be explored for HCD
bioprinting.[79,80]

3. Bioprinting Cell-Rich Living Inks

Cell-rich inks play a crucial role in HCD bioprinting, acting as
a precursor solution that allows the organization of living build-
ing blocks in a precise and controlled manner to fabricate en-
gineered living tissues. Relying on the complexity of the build-
ing blocks, the processing of such cell-rich inks can aim for the
direct emulation of the anatomical features of native tissues or
rely on developmental biology aspects to replicate morphogen-
esis and organogenesis events and self-organize into an engi-
neered functional tissue. Regarding this, the current living build-
ing blocks explored in HCD bioprinting can consist of unitary
cells and/or multicellular aggregates, encompassing spheroids,
tissue strands, organoids, among other shaped aggregates.[28]

Single cells can be perceived as a basic living building block
to be explored for HCD bioprinting applications. Importantly the
exploitation of individualized cells as building blocks may require
longer maturation periods to achieve proper cell fusion and self-
organization within the printed constructs, as they are less com-
plex building blocks when compared to multicellular aggregates,
invariably lacking prior cellular organization/maturation.[40,81]

Nonetheless, their exploitation may also result in a more ho-
mogeneous fusion within printed constructs.[82] On the other

hand, the inclusion of preformed multicellular aggregates (e.g.,
spheroids, tissue strands, organoids, etc.) in cell-rich inks for
HCD bioprinting may offer advantages over unitary cell inks’
printing. For instance, the printing of advanced building blocks
may result in accelerated tissue maturation through the re-
capitulation of complex microarchitectures and cell-type di-
versity of living structures, revealing the potential to fabri-
cate engineered living architectures with tissue- and organ-level
functionalities.[23,25,83] Moreover, the usage of such multicellular
building blocks addresses scaling limitations faced by unitary-
cell-based inks, namely by reducing the time required to fabri-
cate whole organs owing to the intrinsic high cell numbers of
such multicellular building blocks.[23] Regarding this, there is
a growing interest in combining complex aggregated building
blocks into larger and physiologically relevant engineered tissue-
mimetics. However, their usage may also be associated with pre-
and postprinting challenges. For instance, multicellular aggre-
gates, such as spheroids and organoids may lead to clogging
problems (e.g., in extrusion-based bioprinting), or to variable fu-
sion patterns.[28,84] Considering these building blocks, other cel-
lular aggregates, such as tissue strands, have also been fabricated
in an attempt to tackle such reproducibility and variability issues,
offering evenly shaped multicellular aggregates.[81,85] Both types
of living building blocks have been paving their way in HCD bio-
printing, rendering two distinct living inks categories, namely: i)
unitary cell living inks and ii) aggregated cellular living inks, both
of which will be showcased in the following subchapters.

It is also relevant to highlight that the inclusion of a biomate-
rial fraction may be considered when designing living inks. De-
pending on this, living ink formulations are herein regarded as
“wholly cellular” inks, when comprised entirely by these living
building blocks, or “quasi-wholly cellular” inks, when biomateri-
als are included. Wholly cellular living inks have been emerg-
ing in the field of HCD bioprinting, resorting to both single
cells and cellular aggregates as building blocks. Their exclusive
cellular composition renders printed structures with improved
cell–cell interactions, which in turn prompts enhanced ECM
deposition, tissue maturation, cell differentiation, among oth-
ers, closely mimicking native tissues’ developmental stages.[47,86]

However, owing to its “scaffoldless” nature, the resultant struc-
tures tend to present low structural integrity, requiring long
maturation times to allow cell fusion via intercellular adhesion
molecules, and further ECM deposition to confer proper in-
tegrity and robustness.[87] Advancements have been also made
toward the design and processing of quasi-wholly cellular formu-
lations. A wide range of biomaterials have been explored for bio-
printing applications, including natural polymers (e.g., collagen,
hyaluronic acid, etc.), as well as more complex materials, such as
decellularized extracellular matrix.[88,89] Ideally, in order to boost
the biomimicry level of the printed structures, the material frac-
tion should mimic the heterogeneity of native tissues’ extracellu-
lar matrix, or at least, be part of its composition, in order to im-
prove cellular proliferation and functionalities.[90] Herein, min-
imal fractions of biomaterials are exploited to promote the sta-
bilization of the printed living structures through cross-linking
mechanisms, quickly generating structures with structural in-
tegrity instead of relying solely in the relatively slow establish-
ment of intercellular adhesions and production of ECM, as
found in wholly cellular counterparts. Aside from cross-linking
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Figure 2. Human tissue-specific cell/ECM ratios and cellular profile evaluation. Data were collected from a single study and the corresponding web
tool (https://humancelltreemap.mis.mpg.de), covering different tissues, including lung, liver, pancreas, heart, kidney, brain, skin, skeleton bone, and
cartilage.[93] *ECM portion was estimated by subtracting the total cellular mass from the total tissue weight.

purposes, the inclusion of biomaterials into the inks’ formula-
tion may also potentiate the overall ink processability and bio-
logical performance of the resultant architectures. For instance,
certain printing strategies, such as extrusion-based, may benefit
from the inclusion of a minimal fraction of biomaterial, allow-
ing the tuning of the mechanical properties of living inks, in or-
der to ensure higher resolutions, or to act as lubricating agents,
ensuring a higher cell viability by reducing shear stress im-
posed, for example, during extrusion bioprinting. However, the
inclusion of exogenous materials in living inks may present in-
herent limitations, including potential immunogenic responses,
unsynchronous biomaterial degradation during tissue forma-
tion/repair, as well as the possibility to hinder cell–cell commu-
nication, which consequently slows tissue fusion and nascent
ECM deposition.[40,57,91] In this regard, the exploitation of sacri-
ficial materials have found interesting applications in the field,
by providing initial support to the structures, without strongly af-
fecting cellular crosstalk, and, further cellular fusion and ECM
deposition.[92]

In the near future, while designing cell-rich living inks, re-
searchers should also consider the variability in cell/ECM ratio,
cellular heterogeneity, and ECM composition among different

tissues/organs, to design living structures that closely mimic a
targeted tissue.[90,93] Considering this, we compilated curated in-
formation regarding estimated cell/ECM ratio, total cell count,
and main cell types of different human tissues (Figure 2). Such
analysis may provide a road map for designing living inks suit-
able for specific tissues.

By combining different living building blocks and promoting
their assembly, the scientific community has been able to en-
gineer more robust and biomimetic engineered living tissues,
with appreciable cell densities and functionalities. Considering
this, in the following chapter, we will showcase the most re-
cent advances in bioprinting of cell-rich inks (unitary-cell- and
cellular-aggregate-based) exploiting the different cellular build-
ing blocks previously mentioned, as well as the bioprinting plat-
form and assembly modes explored to drive their organization
into cell-rich engineered living tissues.

3.1. Unitary Cell Living Inks

Cells are the basic building block of native tissues, where they
self-organize during morphogenesis and organogenesis events

Adv. Mater. 2024, 2313776 2313776 (9 of 21) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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to generate sophisticated hierarchical living structures with com-
plex microarchitectures and cellular arrangements.[1] For in-
stance, HCD bioprinting can aim to directly recapitulate the adult
tissue anatomy by resorting to unitary cell living inks to pre-
cisely place multiple cell types into specific spatial configura-
tions, generating an engineered tissue. However, due to the pre-
viously described limitations faced by current bioprinting plat-
forms, the direct anatomical recapitulation of tissue cellular and
architectural features, including cell-type diversity and its sophis-
ticated microarchitecture, is still a huge challenge. Nonetheless,
significant progress has been made on the processing of uni-
tary cell inks for HCD bioprinting. For instance, wholly cellular
inks comprised of multiple human cell types, including adipose-
derived mesenchymal stem cells (hASCs), mesenchymal stem
cells (hMSCs), and dermal fibroblasts (hDFs) were extruded di-
rectly into an oxidized and methacrylated alginate (OMA) micro-
gel slurry, that acts as photocurable liquid-like supporting bath
(Figure 3A).[40] The properties of the supporting medium allowed
the printing of high cell densities with varying printing reso-
lutions according to microgel size, revealing that smaller mi-
crogels resulted in higher resolution of the printed filaments.
Moreover, after cross-linking, the supporting bath provided suf-
ficient mechanical stability to maintain the fabricated living fil-
aments during long-term culture (i.e., up to 4 weeks) and for
osteogenic/chondrogenic differentiation. Thus, the presence of
supporting baths can take a critical role in providing support dur-
ing printing and the maturation process, especially in the case of
wholly cellular inks based in unitary cells, that rely only on in-
tercellular interactions. Quasi-wholly cellular inks comprised of
human umbilical vein endothelial cells (HUVECs) resuspended
in gelatin methacryloyl and iodixanol were also recently printed
with a cell density of 1 × 108 cells mL−1 by using DLP bioprint-
ing, generating structures with a considerable high resolution
and thatshowcase the ability of iodixanol to tune light scattering
and improve the printing resolution (Figure 3B).[9] Additionally,
to study the viability of the printed living constructs in a per-
fusion culture system, a thick and prevascularized engineered
tissue was fabricated by combining HUVECs and hDFs in the
ink formulation, reaching a combined cell density of 4 × 107

cells mL−1 (2.3 × 107 and 1.7 × 107 cells mL−1, respectively).
After 14 days, endothelialization and angiogenesis were evalu-
ated, and the printed living architectures remained stable and
perfusable even after harvesting. Despite the lower handleabil-
ity when compared to the previous structures, in the same study,
living inks containing outstanding cell densities, in the order of
2.25 × 108 cells mL−1, were successfully printed as softer cylin-
drical structures, showing exciting results toward the process-
ing of higher tissue-mimetic cell densities by using this plat-
form.

The generation of vascular structures resorting to the print-
ing of cell-rich inks has also been performed by droplet-based
bioprinting. For instance, quasi-wholly cellular inks comprised
of endothelial cells, including HUVECs and human dermal mi-
crovascular endothelial cells (HDMECs), resuspended in fibrino-
gen, to attain a cell density of 2.5 × 107 cells mL−1, were suc-
cessfully processed by this printing platform (Figure 3C).[36] Re-
sorting to a piezoelectric dispenser, the cell-dense droplets were
dispensed into collagen I and fibrin hydrogel matrices, and con-
sequently acted as building blocks capable of self-assembly and

remodeled the surrounding matrix to generate perfusable lumen-
like structures capable of undergoing sprouting and outgrow-
ing small capillaries. Consequently, such a platform revealed
great potential to recapitulate the hierarchical branched mor-
phology of vascular networks found in native tissues. On the
other hand, new droplet-based printing methodologies have been
developed for processing high cell densities. For instance, a
new system called reactive jet impingement was developed to
print quasi-wholly cellular inks for bone tissue fabrication.[35]

Resorting to a double microvalve system, the droplets of indi-
vidual solutions fused in midair, forming a gel before reach-
ing the bioprinter stage. Such platform allowed the simultane-
ous jetting of droplets of two distinct solutions, namely a i)
thrombin and calcium chloride (CaCl2) solution containing hu-
man telomerase reverse transcriptase-immortalized bone mar-
row mesenchymal stem cells (hTERT-BMSCs) (cellular compo-
nent), and a ii) collagen–alginate–fibrin pregel (biomaterial com-
ponent). This platform allowed an individual printing parameter
optimization for each solution, enabling the rapid and accurate
fabrication of structures with 4 × 107 cells mL−1, that remained
viable after 14 days in culture in osteogenic medium. Moreover,
this study pointed out that the rate of bone formation is strongly
correlated with cell density, proving the importance of setting up
robust cellular interactions for achieving physiomimetic tissue
biofunctionality.

3.2. Cellular Aggregate Living Inks

From a different perspective, the biofabrication of engineered tis-
sues can also leverage on developmental biology aspects, through
the recapitulation of morphogenesis and organogenesis events.
Regarding this, the exploitation of preformed cellular aggregates
(e.g., spheroids, tissue strands, and organoids) as advanced build-
ing blocks to formulate aggregated cellular inks has attracted
great attention of the scientific community, since these higher-
order building blocks already present a certain degree of complex-
ity and organization, being capable of self-assembly into scalable
and complex tissues.[27,57]

Among cellular aggregates, spheroids constitute an attractive
living building block, presenting intrinsicaly enhanced phys-
iological properties and internal cellular organization inher-
ent to the native tissues’ cellular arrangements.[36,94,95] When
spatially placed close to each other, in a permissive environ-
ment, spheroids are capable of undergoing postprinting remod-
eling and fusion. Additionally, spheroids with different matu-
ration stages can be achieved by resorting to bioreactors, al-
lowing the formulation of living inks with maturation hetero-
geneity. Thus, such advanced building blocks are capable of
recapitulating developmental biology aspects and self-organize
into robust living structures with their self-produced extracellu-
lar matrix.[45,57,96] Different bioprinting modalities for process-
ing spheroid-containing inks have been reported in the litera-
ture, including extrusion-based, Kenzan, and aspiration-assisted
bioprinting.[45,46,97] For instance, leveraging on aspiration-
assisted bioprinting, researchers demonstrated to successfully
pick spheroids assembled from multiple cell types, including,
HUVECs and MSCs, into place them in an alginate-based
sacrificial gel, acting as supporting bath.[46] Resorting to this
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Figure 3. Processing of unitary cell living inks. A) Bioprinting of human-based wholly cellular living inks. i) Schematic illustration of 3D bioprinting
of wholly cellular living inks into a self-healing and shear-thinning alginate-based microgel (OMA) supporting bath. ii) Digital sketch and optical pho-
tographs of the bioprinting process of 3D living constructs. Scale bars: 5 mm. iii) Live/dead staining of printed living filaments with low diameter
distribution. Scale bar: 600 μm. Reproduced with permission.[40] Copyright 2019, Royal Society of Chemistry. B) DLP bioprinting of highly cell-dense liv-
ing inks. i,ii) Schematics and optical images comparing living inks with (i) unmatched and (ii) matched refractive index. Scale bar: 600 μm. iii) Schematics
of the perfusion system and the digital sketch of the desired vascularized engineered tissue. iv) Microcomputed tomography (μCT) of 3D bioprinted
vascularized engineered living constructs and respective fluorescence microscopy image of horizontal sections of the channels. Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International License.[9] Copyright 2023, The Authors, Published by American Association for the
Advancement of Science. C) Droplet-based bioprinting of cell-dense vascular structures. i) Schematics of overlapping cell-dense droplets and bright-field
images of the resultant continuous and Y-patterned bioprinted structures comprising endothelial cells. Scale bars: 250 and 300 μm. ii,iii) Confocal laser
scanning microscopy (CLSM) images of 3D reconstructions of (ii) side and (iii) top view of the bioprinted endothelial-based structures. Scale bar: 50 μm.
iv) CLSM images of optical sections of the printed vascular structures in multiple planes. Scale bars: 50 μm. Adapted with permission.[36] Copyright
2019, John Wiley & Sons, Ltd.
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methodology, spheroids were successfully combined into multi-
ple cell-rich constructs, including rings, pyramids, and diamond-
shaped architectures, achieving a positional accuracy of ≈15%
relative to spheroid size. The sacrificial gel allowed to main-
tain the spatial arrangement of spheroids until they became par-
tially fused upon 48 h in culture. Afterward, the sacrificial gel
could be carefully removed, and the freestanding structures were
cultured in osteogenic media to study the role of midterm os-
teogenic induction of stem-cell-based spheroids in their assem-
bly behavior for fabricating osteogenic tissues in a bottom-up
manner. After proving the potential of such methodology in the
bioprinting and assembly of spheroids in a hierarchical manner,
researchers decided to aim for the improvement of the general
structure properties.[48] For this, taking advantage of a sacrifi-
cial supporting bath consisting of yield-stress and self-healing
gels of Carbopol and alginate microparticles, hMSC spheroids
were precisely placed to generate complex living structures, in-
cluding cartilage and bone tissues (Figure 4A). Expanding upon
this approach, other supporting baths with interesting prop-
erties have been explored. For instance, MSCs spheroids and
heterotypic spheroids of human cardiac fibroblasts (hCFs) and
hiPSC-derived cardiomyocyte spheroids, combined at different
ratios, were picked and precisely placed into a shear-thinning
and self-healing supporting bath comprised of adamantane–
hyaluronic acid and cyclodextrin–hyaluronic acid (Figure 4B).[47]

Resorting to this technique and to the dynamics of host–guest in-
teractions, individual spheroids were spatially arranged into dif-
ferent shapes, including multilayered rings, capable of maintain-
ing their spatial configuration during fusion and maturation, un-
til being harvested. Then, this concept was leveraged for the fab-
rication of cell-dense tissue models of post-myocardial-infarction
scarring, where hiPSC-derived cardiomyocytes and CF spheroids
were printed into the same supporting bath to recapitulate the
local heterogeneity and dysfunctions, including reduced contrac-
tility and abnormal electrical activity. Despite the challenges of
spheroid bioprinting by extrusion-based platforms, this platform
remains widely explored for the processing of this building block.
Nonetheless, conventional extrusion-based methodologies use
bioinks formulated with a higher fraction of biomaterial rela-
tive to spheroid numbers. Aiming for HCD bioprinting, living
inks for extrusion-based methodologies should be formulated re-
sorting to spheroid slurries, comprised only of spheroids, or a
relatively low fraction of biomaterial, to attain high cell densi-
ties. Regarding this, wholly cellular inks comprised of human
umbilical vein smooth muscle cell (HUVSMC) and human skin
fibroblast (hSF) spheroids were extruded into a collagen-based
supporting bath (Figure 4C).[52] Interestingly, resorting to pel-
lets, equally sized spheroids were previously produced by cut-
ting extruded cell-rich cylinders and by letting the fragments
incubate overnight until achieving the spherical form. The re-
sulting spheroid-based ink was processed into small-diameter
multilayered tubular grafts, revealing great potential for vascu-
lar reconstruction. However, the resulting structures required
longer fusion times and presented certain nonuniform regions.
This troubleshooting led the authors to exploit other cellular
aggregate shapes as building blocks, namely strands generated
from extruded cell pellets, which resulted in faster fusion rates
with higher uniformity. Such prior formation of spherical- and
cylindrical-shaped structures resorting to extrusion of cell pellets,

provides a more reproducible strategy to obtain the aggregated
building blocks with higher uniformity. Recently, researchers
have been exploring prevascularized multicellular spheroids of
HUVECs and hMSCs, as living building blocks and combine
them with GelMA and fibrin to generate a quasi-wholly cellular
living ink (Figure 4D).[98] Owing to their granular nature, such
living ink presents great printing properties that can match those
found in jammed microgel bioinks. Upon extrusion, the ink can
undergo a double cross-linking, namely photo- and enzymatic-
cross-link, resulting in structures with cell densities up to 1.5 ×
108 cells mL−1 capable of promoting angiogenesis and undergo-
ing osteogenesis.

Owing to possible size variability and harvesting challenges,
researchers have been designing new building blocks that at-
tempt to tackle these issues. Following this rationale, tissue
strands have been designed and shown as an alternative to im-
prove the assembly and fusion process of printed structures.[84]

For instance, centimeter-scale tissue strands comprised by chon-
drocytes were successfully processed through extrusion-based
bioprinting and printed without the need of support baths or
delivery materials during the printing process.[81] Importantly,
such goal may be difficult to achieve while processing other cel-
lular aggregates, including spheroids and strands/cylinders de-
rived from cell pellets, and thus, tissue strands may contribute
to improve the scalability of multicellular aggregates as building
blocks. The resultant tissue strands revealed rapid fusion, that
started 12 h after contact between strands, originating cartilage-
like tissues that were further explored in ex vivo osteochondral
tissue defects.

The printing of organoid-based living inks can open new
possibilities in HCD bioprinting of clinically relevant tissues.
Organoids resemble the pinnacle of advanced building blocks,
displaying outstanding levels of functionality and structural com-
plexity, closely resembling native tissues in terms of struc-
tural complexity and functionality, as well as showing superior
biocompatibility, tissue integration, maturation, and regenera-
tive potential, when compared to other building blocks.[29,83,99]

Nonetheless, bioprinting of preformed organoids is poorly de-
veloped and underreported, thus the main approaches center
around printing of stem cell aggregates that undergo organoid
formation postprinting. Regarding this, high numbers of hu-
man induced pluripotent stem cells were generated in the form
of aggregates with monodisperse diameters and maintaining
pluripotency marker expression (>94%) recurring to automated
bioreactors.[11] Relying on this scalable manufactory-to-printer
pipeline, the pluripotent aggregates were then processed by
extrusion-based bioprinting as a wholly cellular ink, with inter-
esting properties, including yield stress, viscoelasticity, and shear
thinning, and deposited into a collagen–Matrigel supporting
bath. Moreover, since the pluripotency was maintained during
serial passaging in the bioreactors, printed pluripotent structures
were able to undergo neuroepithelium and vascular organoid dif-
ferentiation, depending on the differentiation protocols applied
(Figure 5A). Overall, the combination of scalable platforms with
pluripotent aggregates as advanced building blocks proved to be
effective in the production of biologically relevant engineered
tissues. Nonetheless, the bioprinting of already differentiated ag-
gregates into mature tissues or organoids, prior to bioprinting,
would expand the library of building blocks available and may
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Figure 4. Processing of spheroid-based cellular living inks. A) Processing of MSC spheroids into complex hierarchical structures via AAB. i) AAB bioprint-
ing setup showcasing spheroid reservoir and bioprinting compartment. ii) Schematics of the spheroid pickup by a nozzle via aspiration forces. Digital
sketch and optical photographs of iii) helix-shape and iv) tubular-spheroid-based structures through 3D bioprinting of MSC spheroids into a yield-stress
supporting bath. Scale bar: 1 mm. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.[48] Copyright 2020,
The Authors, Published by Springer Nature. B) i) Schematics demonstrating the bioprinting and fusion of spheroids within self-healing support baths.
ii–v) Schematics and immunofluorescence images of (ii, iii) healthy and (iv, v) scarred cardiac microtissues comprised of fused spheroids. Red channel
– Cardiac troponin-T (cTnT). Green channel – Vimentin. Scale bars: 100 and 50 μm (for insets). Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International License.[47] Copyright 2021, The Authors, Published by Springer Nature. C) Extrusion bioprinting of vascular
structures resorting to spherical and cylindrical multicellular aggregates. i) Schematic illustration of a branched tubular structure comprising multicel-
lular spheroids extruded along with agarose rods. ii) Fluorescence stereomicroscope images revealing fusion of printed hSF spheroids into branched
vascular-like structures. iii) Schematics and microscope images of heterogeneous tubular structures obtained from the combination of HUVSMC and
hSF cylindrical-shaped aggregates. Reproduced with permission.[52] Copyright 2009, Elsevier. D) i) Schematics of the preparation of prevascularized-
spheroid-based living ink combining hMSC and HUVECs. ii,iii) Optical photographs of an ear and nose model bioprinted in a Carbopol-based sus-
pension bath. Scale bar: 2 mm. iv) Scanning electron microscopy (SEM) micrograph of a honeycomb-like bioprinted structure of the quasi-wholly
cellular-spheroid-based living ink. Scale bar: 20 μm. v) Schematics and confocal microscopy images of the printed living inks comprised by prevascu-
larized MSC spheroids. Red channel – Red fluorescent protein labelled HUVECs. Blue channel – nuclei. Scale bar: 100 μm. vi,vii) Immunofluorescence
images of osteodifferentiated-spheroid-based printed structures analyzed on (vi) day 17 for RUNX2 and (vii) day 24 for osteopontin. Scale bars: 100 μm.
Reproduced with permission.[98] Copyright 2023, American Chemical Society.

Adv. Mater. 2024, 2313776 2313776 (13 of 21) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202313776 by C
ochrane Portugal, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. Bioprinting of organoid-related and other shaped building blocks. A) Extrusion bioprinting of hiPSC aggregates for cortical and vascular dif-
ferentiation. i) Schematic illustration showcasing stem cell aggregates production and processing into wholly cellular living inks. ii) Optical photograph
of a bioprinted scare comprised of stem cell aggregates. iii) Fluorescence images of the bioprinted squares from SCVI-15 aggregates immunostained
for pluripotency markers. Green channel – OCT4. Magenta channel – NANOG. Scale bar: 1000 μm. iv) Immunofluorescence images showcasing differ-
entiation into neuroepithelium tissue, analyzed at day 10 after the printing process. Green channel – Nestin. Magenta channel – PAX6. Scale bar: 1000
and 100 μm (inset). v) Immunofluorescence images showcasing differentiation into vascular tissue, analyzed at day 10 after the printing process. Red
channel – Vascular endothelial (VE)-cadherin. Scale bar: 1000 and 100 μm (inset). Reproduced under the terms of the CC-BY Creative Commons Attri-
bution 4.0 International License.[11] Copyright 2022, The Authors, Published by Wiley-VCH GmbH. B) i) Illustration of the processing of intestinal stem
cells and organoids under bioprinting for intestinal tissue engineering. ii) Bright-field images of a filament of hISCs after extrusion, that self-organizes
into a connected and polarized epithelial tube. Scale bars: 500 μm. CLSM images showcasing architectural intricacies at the macro- and microscale of
the previously organized intestinal tissue. Scale bars: 250 and 75 μm, respectively. Reproduced with permission.[82] Copyright 2021, Springer Nature. C)
Schematics of magnetic lifting of magnetic-coated human forebrain organoids via magnetic-assisted aspiration-based bioprinting. Fluorescence image
from a linear and a pyramidal construction combining dorsal (red) and ventral (green) forebrain organoids to generate neural assembloids. Scale bars:
500 and 1000 μm, respectively. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.[100] Copyright 2023,
The Authors, Published by Springer Nature. D) Processing of complex-shaped cellular aggregates. i) Schematics of processing and alignment of the car-
diac anisotropic organ building blocks (aOBBs) during the extrusion-based 3D bioprinting process. ii) Fluorescence images of aOBB within the printed
filament, showcasing alignment at the centimeter-scale. Scale bar: 2 mm. iii) CSLM images of aligned aOBBs within the extruded cardiac filaments.
Scale bars: 1 mm and 100 μm. Green channel – cTnT. Red channel – Vimentin. Reproduced with permission.[85] Copyright 2022, Wiley-VCH GmbH.
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be beneficial for HCD bioprinting of more clinically relevant tis-
sues. For instance, researchers attempted the direct printing of
human intestinal organoids through extrusion-based bioprinting
to produce large-scale constructs capable of undergoing fusion
and self-organization.[82] However, by employing small intesti-
nal organoids as building blocks, the resultant tubular structures
suffered from discontinuous and variable diameters. As hypoth-
esized by the authors, this may be due to the absence of conden-
sation events found in single-cell-based approaches. In light of
this, by exploring the organoid-formation potential of human in-
testinal stem cells (hISCs), the researchers were able to achieve
properly connected and polarized epithelial-like tubular struc-
tures with high cell densities (5 × 107 cells mL−1), mimicking
self-organization events of conventional hISC-derived organoids
(Figure 5B).

Nonetheless, the direct printing of organoids as building
blocks has been successfully materialized by resorting to emerg-
ing aspiration-assisted platforms. For instance, researchers de-
veloped a new platform that leverages aspiration-assisted bio-
printing and magnetic iron-oxide nanoparticles to precisely con-
trol the organoid deposition without compromising their cytoar-
chitecture (Figure 5C).[100] In this platform, termed spatially pat-
terned organoid transfer, human forebrain organoids were indi-
vidually coated with a cellulose nanofiber ink containing iron-
oxide nanoparticles and then lifted resorting to a magnetized
aspiration-based printer. This platform allowed the precise po-
sition of intact organoids to fabricate dorsal–ventral forebrain as-
sembloids, revealing to be a suitable strategy for controlling the
spatial configuration of organoids and to generate larger-scale
constructs.

Cellular aggregates with more complex shapes have also been
explored as building blocks to include in aggregated cellular ink’s
formulations. For instance, cardiac microtissues were first gener-
ated by co-culturing human neonatal dermal fibroblasts (hNDFs)
with hiPSC-derived cardiomyocytes (hiPSC–CMs) into micropil-
lar arrays to generate anisotropic building blocks.[85] After con-
traction, the anisotropic building blocks were harvested and com-
bined with a warmed gelatin solution to generate a quasi-wholly
cellular ink. Afterward, the ink’s extrusion process allowed the
alignment of the anisotropic building blocks owing to extrusion
forces, resulting in aligned tissues (Figure 5D). Resorting to such
methodology, the authors were able to simultaneously recapitu-
late critical architectural features, namely the aligned phenotype
of cardiac tissue, while achieving an outstanding density of 2 ×
108 cells mL−1, after the melting of the sacrificial gelatin layer.

Nonetheless, a few challenges remain to be addressed regard-
ing the production of cellular aggregates as building blocks. Be-
sides the challenges faced by current bioprinting platforms in
terms of the processing of such building blocks, the lack of repro-
ducibility and predictability of organoids’ formation upstream, as
well as, the low shape control, are still hindering their scalable
and reliable production for downstream large-scale biofabrica-
tion of engineered tissues.[83,101,102] Additionally, the standardiza-
tion of spheroids size is also critical to improve their processing
by the current bioprinting platforms.[30,57]

We summarized the main examples found in the literature re-
garding the fabrication of cell-rich living inks and respective tar-
get tissues and platforms, as well as other important features, and
present them in the following Table 2.

4. Outlook and Future Perspectives

Despite the biofabrication of clinically translatable tissue archi-
tectures being still an unmet reality, huge advances have been
recently made in the field of 3D processing of cell-rich inks into
large-scale living structures with biologically relevant cell densi-
ties and tissue-like functionalities. However, recapitulating key
aspects, including spatial organization, vascularization and/or
tissue oxygenation, tissue maturation and scale, is still funda-
mental for the successful fabrication of clinically translatable
tissues/organs that simultaneously recapitulate physiological di-
mensions and biofunctionalities of native tissues.[44,104] Although
challenging, advancements in bioengineering have been clearly
benefiting the HCD bioprinting field, showing exciting progress
toward the mastering of such critical and intricate features. In
fact, a consensus is still yet to be achieved relating to the de-
gree of biomimicry and architectural complexity required for de-
veloping clinically translatable tissues/organs.[44] From a cellu-
lar perspective, while moving toward the processing of biologi-
cally relevant cell densities, the enhanced cell–cell interactions
can trigger bioencoded tissue morphogenesis and microarchitec-
tural features, which allied with the spatial placement of biofab-
rication platforms that may unlock the potential to fabricate in-
creasingly physiomimetic constructs. From a biofabrication per-
spective, technological evolution toward the precise placement
of single cells/cell aggregates, allied with computational simula-
tions/artificial intelligence could provide means to design engi-
neered tissues with programmable microarchitecture and biome-
chanics that directly recapitulate the complexity of native tis-
sues. New bioprinting techniques have been capable of achiev-
ing single-cell precision, allowing the precise selections and po-
sitioning of mammalian cells.[105] Advancements in such pre-
cise techniques may allow a better reconstruction of the com-
plex multicellular configurations found in native tissues, mov-
ing toward the fabrication of increasingly complex engineered
tissues.

During tissue development, cells intricately move in space
or undergo differentiation within precise and defined locations,
in a time-coordinated manner.[106] Such “life-like” features may
also be found in HCD constructs as their behavior will be in-
herently governed by cells rather than the biomaterial compo-
nent, as found in the majority of conventional tissue engineered
constructs. Recent discussions on morphogenesis and biolog-
ical pattern acquisition in living tissues could be highly rele-
vant to account for future designs of HCD constructs, espe-
cially considering the relevance of biological/chemical gradients
in cellular spatial organization within tissues. Gathering inspi-
ration from natural processes, at early design stages, one can
envision to imprint relevant shape-morphing features in con-
structs, in a mode that more closely resembles those found in
living tissues.[104,107,108] Recapitulating such spatially encoded dif-
ferentiation may be valuable to recreate complex living tissues,
especially by exploring organoids as living building blocks, ow-
ing to their physiomimetic potential as they naturally bioencode
multicellular diversity and precise spatial organization.[76] Addi-
tional contributions from genetic engineering and cell surface
engineering tools may improve the current knowledge and allow
the fabrication of living constructs with user-encoded tissue pat-
terns.
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Regarding living inks formulation, an increasing focus on
wholly cellular inks may contribute to avoid concerns re-
garding possible immunogenic responses and unsynchronous
biomaterial degradation, found in conventional scaffold-based
approaches.[40,57,91] However, the incorporation of minimal frac-
tions of biomaterials into living inks may improve processabil-
ity by allowing a wide range of cross-linking mechanisms or
conferring mechanical support/protection during the printing
process. In these strategies, the extent of included biomateri-
als should not hinder naturally established cell–cell interactions
but instead support them. Considering this, both quasi-wholly
and wholly cellular formulations have valuable features and have
found interesting biomedical applications as above emphasized.
As cell surface engineering tools are reaching a spotlight in
building block fabrication, higher programmability over cellu-
lar interactions and fusion of the living building blocks can be
achieved.[109] Resorting to these engineered functional building
blocks, rapidly assembled tissue mimetics could be obtained in
a self-governed/user-defined manner, with improved maturation
rates, allowing the faster formation of robust engineered tissues.
However, complete tissue maturation comprises cell fusion, cel-
lular (re)organization, and biofunctionality acquisition, which is
still required to render tissue-mimetic functions to the designed
living constructs. From this standpoint, different building blocks
and the corresponding tissues may be associated with different
maturation periods, and in the future, its standardization may be
valuable to accurately attain mature engineered tissue/organs in
a more reproducible manner.

From the current biofabrication technological toolbox, embed-
ded extrusion bioprinting and DLP have shown to be highly
compatible and versatile for processing HCD living inks com-
prised by single cells. On the other hand, as showcased, Ken-
zan and AAB methodologies are particularly suitable to fabricate
HCD constructs using spheroidal building blocks. Other emerg-
ing technologies including volumetric bioprinting still require
optimizations and upgrades to overcome possible issues regard-
ing structure deposition and light scattering/penetration during
cross-linking. We envision that future advances may also arise
from other emerging nonlight-based technologies such as 3D
bioprinting using ultrasound, which can be highly valuable to
overcome some issues regarding cross-linking in HCD across
multiple depth scales (>1 cm).[110,111]

While moving toward tissue-matched cell densities, the pro-
cessing of extremely high cell densities imposes inherent chal-
lenges at the level of the selection of suitable biofabrication
technologies and also at the level of postprinting. If not man-
aged properly, the overall HCD construct may present compro-
mised cell viability which ultimately leads to poor tissue func-
tionality and tissue necrosis, impacting the overall biological
performance.[17,20] In such cell-dense constructs, a quick exhaus-
tion of nutrients and oxygen may be expected, being the ma-
jor driver to tissue necrosis. For instance, advancements in tis-
sue oxygenation/vascularization have shown to be crucial to
tackling such excessive high-density-related problems by ad-
dressing inherent cell nutrition/oxygenation demands of the
living constructs. Synergistic advancements in tissue oxygena-
tion/vascularization strategies and biofabrication platforms may
contribute to efficiently process higher cell densities, increasing
the baseline of current cell densities capable of being processed in

the HCD bioprinting field. Additionally, one must consider other
adverse effects arising from the implantation of compromised
tissue-like architectures, such as the activation of cell death path-
ways, consequently leading to phenotypical alterations and trig-
gering of immunogenic responses that may culminate in tissue
rejection.[112,113] Strategies to ensure cell survival throughout the
printed constructs are of utmost importance and may contribute
to increasing the baseline of densities suitable for HCD bioprint-
ing.

As the HCD bioprinting field is rapidly progressing and more
physiomimetic engineered tissues are becoming closer to reach-
ing clinical settings, special attention should be given to ethical
and regulatory challenges.[114] Potential ethical implications can
fit into the following categories: i) safety and quality, ii) risks and
benefits, iii) informed consent, iv) ownership, v) justice and en-
hancement, and vi) societal and cultural considerations, as de-
scribed elsewhere.[114] Concurrently, efforts should also focus on
ensuring the safety of fabricated constructs, especially by care-
fully analyzing cell sourcing, as well as their variability and po-
tential long-term effects following implantation.

The successful manufacturing of cell-dense constructs can un-
lock several applications in regenerative medicine, namely, tis-
sue transplantation, as well as the fabrication of human disease
models that can be used for preclinical drug screening or toxic-
ity assays.[115] In this sense, the recently described tumor mod-
els obtained from spheroid and organoid printing have shown
interesting potential to better recapitulate complex intricacies
from malignant tissues rendering highly valuable for screen-
ing candidate anticancer therapeutics.[116,117] Additionally, a more
widespread implementation of tissue-mimetic living constructs
is envisioned in transplantation/implantation settings, following
on the already established strategies for the regeneration of dif-
ferent tissues (i.e., cartilage,[81] nerve,[118] liver,[119] etc.). Owing to
the high cell densities found in certain tissues (i.e., heart, brain,
etc.), these may benefit from advancements toward HCD bio-
fabrication. Nonetheless, non-cell-dense tissues (e.g., bone, car-
tilage, skin) may also benefit, since the high number of cells
in the generated living constructs can contribute to enhancing
and improving de novo matrix deposition as found during tis-
sue development. Hence, following proper in vitro/in situ tissue
maturation, it is expected that engineered tissues closely match
their native counterpart, presenting similar ECM/cell ratios and
functions.[68,81,98]

Looking ahead, more advances in HCD 3D bioprinting plat-
forms and cell-rich living inks are expected, and their conver-
gence with other scientific fields, such as developmental biol-
ogy, computational approaches and in silico design, will even-
tually culminate into a successful manufacturing pipeline of
large-scale engineered living tissue-mimetics with biologically
matched functionalities that are suitable for different pre-clinical
and clinical applications.
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