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Keeping It Organized: Multicompartment Constructs to
Mimic Tissue Heterogeneity

Alvaro Sanchez-Rubio, Vineetha Jayawarna, Emily Maxwell, Matthew J. Dalby,
and Manuel Salmeron-Sanchez*

Tissue engineering aims at replicating tissues and organs to develop
applications in vivo and in vitro. In vivo, by engineering artificial constructs
using functional materials and cells to provide both physiological form and
function. In vitro, by engineering three-dimensional (3D) models to support
drug discovery and enable understanding of fundamental biology. 3D culture
constructs mimic cell–cell and cell–matrix interactions and use biomaterials
seeking to increase the resemblance of engineered tissues with its in vivo
homologues. Native tissues, however, include complex architectures, with
compartmentalized regions of different properties containing different types
of cells that can be captured by multicompartment constructs. Recent
advances in fabrication technologies, such as micropatterning, microfluidics
or 3D bioprinting, have enabled compartmentalized structures with defined
compositions and properties that are essential in creating 3D cell-laden
multiphasic complex architectures. This review focuses on advances in
engineered multicompartment constructs that mimic tissue heterogeneity. It
includes multiphasic 3D implantable scaffolds and in vitro models, including
systems that incorporate different regions emulating in vivo tissues,
highlighting the emergence and relevance of 3D bioprinting in the future of
biological research and medicine.

1. Introduction

Tissue engineering, a highly interdisciplinary field combining
engineering, physics, chemistry, and biology, aims to create artifi-
cial constructs replicating the properties and behaviors of tissues
and organs.[1–3] Although a relatively young field, tissue engineer-
ing is moving at a fast pace, offering up solutions to some of the
most pressing issues in current medicine and research.[4,5]
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At its inception, tissue engineering held
the promise of revolutionizing the state of
medicine by producing artificial tissues and
organs on-demand. Having a constant, in-
finite supply of organs offers an ideal solu-
tion to the shortage of organ donors, and pa-
tients requiring transplants could be treated
with ease in a time efficient manner. This
shortage and the need for a scientific so-
lution to address patient demands[6] is ev-
ident in recent data. According to a source
from the USA, while the number of donors
grew from 7000 to 19 000 in the last 30
years, the number waiting to receive an or-
gan grew from 23 000 to over 112 000. This
huge difference between demand and sup-
ply highlights the importance of increas-
ing donor availability through the produc-
tion of artificial organs.[7] Despite successes
with bone, cartilage, skin, and fat tissue
transplantation,[8,9] organ transplants in-
volving internal and sensory organs still re-
quire significant developments.[10–12] This
is mainly due to the complexity native tis-
sues exhibit in their architecture, composi-
tion, heterogeneity in chemical and physical

cues, intricate separation, and interaction of different cell pop-
ulations. Even if artificially producing a construct capable of
successfully achieving the aforementioned features was accom-
plished, the complete integration into a single fully function-
ing artificial tissue or organ would still prove a significant
challenge.

With ongoing advancements in the field, it has become
apparent that artificial tissues and organs will also assist in the
production of artificial systems to provide controlled environ-
ments, offering a new platform to study biological systems both
for fundamental and translational research, in addition to drug
discovery and development.[13] On average, an investment of
around 800 million dollars and more than 13 years of research are
needed between preclinical and clinical trials before a new drug
reaches the market.[14] There is, therefore, a strong demand for
researchers to develop new approaches for effective drug screen-
ing and to improve understanding of related biological processes,
like disease or organogenesis.[15,16] By introducing preclinical
assessment tools halfway through the drug development process
to identify potential efficacy and the risks associated with higher
sensitivity, costly late-stage failures could be avoided and wrong
potential candidates could be identified and withdrawn.[17]
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Preclinical assessments are currently performed using in vivo
animal models, resulting in the use of an estimated 100 mil-
lion vertebrate animals annually in research.[18,19] In addition to
the obvious ethical concerns, these in vivo trials have proven
to be less effective than their human in vitro counterparts,
as they fail to appropriately reproduce human-associated host
responses.[20,21] In vitro tissue/organ models that could mimic
and provide more accurate drug-host predictions, while acceler-
ating drug development and personalized medicine approaches,
need to be created.[22]

As previously mentioned, artificial tissue/organ models are
not only needed for drug discovery and development but allow for
a more comprehensive understanding of biological processes re-
sulting in the advancement of fundamental and applied research.
For instance, artificial tissue/organ models could help better un-
derstand specific processes such as bone formation or remodel-
ing; disease processes such as metastasis, diabetes, or neurode-
generation; or processes involved in organogenesis, like the for-
mation of the villi in the intestine or the convolutions of the brain.

1.1. Biological Systems: Compartmentalization and
Heterogeneity

In biological systems, multiple compartment complex architec-
tures can be found in almost any organ present in the body.
In fact, breakthrough technologies such as 3D bioprinting have
shed some light onto our understanding of the highly complex
material combinations, cells, and architectures that are present,
and help support appropriate organ function.[23–25] Even nonvas-
cularized tissues, such as osteochondral tissues, show a gradient
of mechanical properties from bone to cartilage, aside from dif-
ferent cellular organizations. In the brain, the cortex is composed
of different layers with different compositions of neural types
and extracellular matrix (ECM). In the musculoskeletal system,
tendons, muscles, and bones have heterogenous architectures,
which include rigid and elastic components.[26] In kidneys, in
addition to the stromal components, the renal pyramids include
vessels from the circulatory and excretory systems.[27] In the liver,
lobules show a highly heterogenous architecture containing hep-
atocytes, Kupffer cells, veins, arteries, and biliary duct cells, as
well as stromal components like fibroblast, all occupying specific
regions of the functional unit.[28] Bones, which are also vascular-
ized tissues, possess a core region that contains the bone marrow,
surrounded by a tougher region composed mainly of mineralized
bone, with specific cell types in each of these regions. The bone
marrow possesses different physicochemical properties to that of
mineral bone and hosts a different population of cells, being es-
sential in producing red blood cells that transport oxygen; white
blood cells, to protect the body from infection; or platelets to pre-
vent bleeding. Within the bone marrow, niches that exhibit dif-
ferent physicochemical properties, as well as different biological
components can also be found. Similarly, osteons, which form
the minimal functional unit of bone, have vascular channels sur-
rounded by mineral components. The presence of these vascular
channels is essential in providing appropriate nutrient availabil-
ity throughout the bone.[29] Likewise, the intestine shows highly
heterogeneous architecture with separated compartments con-
taining different cell types and contributing to different proper-

ties within the intestinal wall. For instance, the villi are formed by
an epithelial layer that provides a barrier function, key to appro-
priate nutrient absorption, while underlying muscle layers con-
tributes to the overall structural integrity and motility of the in-
testine. The lack of either of those components would result in a
disruption of correct gastrointestinal function.

Given the intrinsic complexity in biological systems, it remains
a challenge to engineer constructs that consider the heterogene-
ity, with patterned microarchitectures, that mimic native complex
structural and functional units.[30] In reference to the heterogene-
ity within complex biological systems, some of the most recent
research aims to introduce different compartments or regions
within a construct.[31–33]

1.2. Mimicking Biology In Vitro

Traditionally, in vitro models started as specific cell types in 2D
conformations, in an attempt to study organism behaviors out-
side their biological contexts. This evolved to research that used
a combination of cell types on the same 2D surfaces, later pro-
gressing to more advanced 3D single cell type or multiple cell
type cultures as a result of the increasing development of bioma-
terials, culture hardware and technologies, like micropatterning,
microfluidics or 3D bioprinting.[34] This in turn has brought the
biomimicry of the designs one step closer to the desired physio-
logical systems. By including ECM-like material in in vitro mod-
els, the study of both cell–cell and cell–matrix interactions was
made possible. Despite these developments, a suitable model
to accurately replicate key features of human tissues is still not
available.[15,35–38] As a general rule, the closer a given model is
able to replicate the targeted tissue architecture, the more accu-
rate the predictions of function will be. Native tissues additionally
have different regions with differing physicochemical, biological,
and topological features, that are essential for the wider system
and consequentially in the corresponding artificial tissue mod-
els created to mimic specific behaviors (Figure 1).[39,40] As tissue
function is inherently linked to tissue architecture, be it ducts,
tubes or complex organizations, it is essential to replicate this na-
tive architecture to best achieve tissue specific functions.[41] For
instance, in liver, architectural organization is believed to be es-
sential to hepatic function.[4,42]

Multicompartment constructs, developed for both implanta-
tion and development of in vitro models, provide complex en-
vironments with multiple compositions and defined spatial con-
trol, by taking into account the inherent heterogeneity of native
tissues (Figure 2).[43–45] Depending on the cell type and system
requirements, the compartmentalization approach allows for in-
dependent customization of each compartment with regards to
material composition, mechanical properties, and cell instruc-
tive properties.[46] Furthermore, compartmentalizing allows for
different regions of the construct to be subjected to different cul-
ture conditions and interactions. This is an alternative concept
to multimaterial interfaces, which focuses more on creating sys-
tems where different materials are combined to create a hybrid
environment with complementary or additional properties, e.g.,
thermoplastic microparticles to increase the stiffness of a gel or
the combination of a first soft and ductile gel with a more rigid
second gel that might be too brittle on its own.[47]
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Figure 1. Multicompartmentalization and heterogeneity in biological sys-
tems. From top to bottom (different systems) and left to right (reducing
scale): kidney to nephron, intestine to villi, bone to osteon, lung to alveoli,
liver to hepatic sinus. Figure made with BioRender.

Compartmentalization also allows to create dynamic culture
environments essential in emulating to a greater extent what ex-
ists in native tissues.[48] Using this approach, researchers have
been able to generate hypoxic conditions in the center of a model,
forcing necrotic tissue formation with surrounding palisading
cells to simulate the inside of tumors.[49] Similarly, there have
been examples where compartmentalization has been used to es-
tablish architectures in which parenchymal and stromal cellular
components are able to interact, as seen in native breast cancer
and liver.[50,51]

Many of these models use a set of hydrogels as the base ma-
terial to further increase tissue resemblance by providing a 3D
ECM-like environment. These hydrogels are often tailored us-
ing additional proteins and growth factors (GFs). Such cues, both
physical and chemical, provide cells with an environment much
closer to that of native tissues and are crucial in driving certain
behaviors and phenotypes.[52] As a rough classification, these hy-
drogels can be natural or synthetic and choosing which hydro-

gel type to use is an essential decision one needs to make af-
ter considering the relevant advantages and the disadvantages
of each. For example, despite natural hydrogels usually being
inherently biocompatible, they can carry some immunogenic-
ity and interactions between cells and materials may be difficult
to isolate. Although synthetic hydrogels can allow for isolation
and fully characterized interactions between cells and materi-
als, they have also been seen to carry higher toxicity due to toxic
by-products.[53,54] Additionally, dECM-based hydrogels (obtained
from the ECM of specific organs and tissues) can drive improved
cellular responses,[55–57] although the complex mix of proteins
present can make them less suitable in systems where specific
interactions need to be targeted or avoided.[58]

Most tissues and organs possess channel networks, be it
for blood or air transport, to absorb nutrients, mediate se-
cretion, or to provide immunological responses. Channel net-
works are therefore essential features to consider when aiming
to replicate tissues and organs. When trying to produce con-
structs that mimic organs containing these networks, it is crucial
that both the presence, location and shape of these vessels are
considered.[59] However, the fabrication of small hollow tubes re-
mains a challenge that is only recently being tackled through the
development of new 3D bioprinting modalities, like stereolithog-
raphy. These vascular network compartments are typically placed
within large, solid compartments that represent the surround-
ing environment within that tissue or organ. Often multiple net-
works will be used in the same construct to emulate more com-
plex neighboring channel structures within a tissue, as seen in
the pancreas or the kidney. For instance, recent work used a dou-
ble network embedded into a hydrogel to imitate a blood vessel
and renal tubule, which was used to study the renal absorption
processes. Similarly, researchers engineered a pancreatic ductal
cancer model that recapitulated the crosstalk between both a can-
cer duct and a neighboring blood vessel. In addition to increasing
the structural similarity with native structures, these networks
provide essential nutrient, protein, or drug distribution within
these bigger compartments, and are thus able to replicate essen-
tial functions, such as renal tubule absorption or gas exchange in
the lungs.[60–62]

To sum up, when engineering biomimetic constructs there
are some challenges that need to be tackled to replicate their na-
tive environment. For instance, cell density will vary between tis-
sues: adipose tissue is mostly ECM, while endothelia are formed
by densely packed cell layers essential to provide barrier func-
tion. Moreover, appropriately replicating native ECM properties
and composition is a topic of great interest. As a result, materi-
als like hydrogels, that are made of decellularized native ECM,
or that incorporate proteins like fibronectin or laminin, or other
biomolecules like GFs have been developed. Not only that, but
some biological systems can also be modeled in microscale while
other exist in bigger scales (several cm). On that same line, some
tissues or organs might possess complex morphologies and ar-
chitectural features like cavities or channels. Similarly, some tis-
sues can be found under more “static” conditions, like the skin;
while others experience flow or mechanical stimuli, like blood
vessels or bones and the lungs, respectively.

The closest these native conditions can be replicated, the closer
the response of the engineered construct should be to that of the
native system. However, it is important to note that sometimes,
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Figure 2. In vitro modeling, single and multiple compartment in biological systems. First row: a) breast cancer biological system component versus b)
breast cancer cells-based spheroid (parenchymal) within a fibroblast-laden gel. (stromal). Second row: c) muscle biological system component versus d)
muscle mimicking construct with tendon region at the sides to provide anchorage and a more rigid environment. e) Bone biological system component
versus f) homogeneous mixture of stem cells and vascular cells. g) Brain tumor biological system component versus h) brain tumor model where brain
tumor microgels (parenchymal) are embedded in neural hydrogel (stromal). Figure made with BioRender.

culture conditions and systems can be simplified as much as
desired, to have more control and isolation over the interactions
happening within the system. This is the case of some two-
dimensional (2D) models, which allow to engineer and under-
stand essential processes within tissues and organs without all
the complexity that other more complex 3D models might have.

This paper reviews some of the latest developments in multi-
compartment constructs for tissue engineering. It discusses not
only the types of design and architecture approaches that have
been developed in recent years to create multiphasic, compart-
mentalized models but also the varying fabrication techniques
and technologies that have been adopted. Amongst these, 3D bio-
printing emerges as a key technology that has the potential to
dramatically shift the current state of medicine, pharma, and bi-
ological research.[63]

2. Approaches for Multicompartment Models

Multicompartment models and constructs aim to replicate, to the
highest degree possible, native tissue heterogeneity. This repli-
cability is an essential criterion for artificial constructs to display

behaviors inherent to specific biological systems. A wide range of
designs and conformation type have been developed to engineer
constructs that possess separated compartments, mimicking spe-
cific regions within native tissues. These approaches, however,
differ from each other in relation to the materials, technologies
or workflows used to achieve these compartments in the final
construct (Figure 3).

2.1. No Gel Direct Contact

The first type of conformation does hold limited structural re-
quirements to achieve compartmentalization, but still allows for
a series of compartments to be created throughout the construct.
This type of conformation will be referred to throughout this re-
view as direct contact. Direct contact relies on the formation of
compartments via cells forming an initial monolayer, multilayer
or spheroid, which is allowed to fully form and establish before
a second layer of cells is then added. The first compartment can
be formed over a biomaterial that facilitates the arrangement of
cells in the desired configuration. A second cell type is then added
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Figure 3. Approaches for compartmentalization. First row: NoECM direct contact. A first compartment is created, once the initial conformation is
achieved a second compartment might be formed over it. Second row: NoECM indirect contact. A first compartment is created, within the same culture
space a second compartment is created allowing them to secrete signaling molecules but without direct contact between them. Third row: gel–gel. A
combination of different hydrogels leads to a two or more hydrogel system. Hydrogel microparticles can be used to obtain compartments in different
scales. Fourth row: hybrid multimaterial approach, where a combination of thermoplastics, cements or hydrogels might be used together in order to
generate the different compartments. Figure made with BioRender.

to the construct, forming a new compartment, creating a sec-
ond layer over the first (Figure 3).[64] In this case, the creation
of compartments relies either upon the attachment capabilities
of cells or the ability to place a group of cells that have already
formed some degree of structure inside or adjacent to an addi-
tional material.[65,66] It is important to note that both cell layers
are in contact, allowing for a very close communication via both
paracrine and juxtracrine signaling.

For instance, a nucleus pulpous-cartilage model was created
by timing the addition of various cell types over a calcium phos-
phate structure, i.e., to enable cartilage formation, a porous cal-
cium phosphate support structure was seeded with chondrocytes
prior to adding nucleus pulposus cells to complete the construct.
Adding the cartilage phase to the system was found to improve
tissue attachment and mechanical performance of the construct,
although the system could further benefit from using more phys-
iologically relevant materials like hydrogels and ECM compo-
nents such as collagen or hyaluronan.[67] Other studies have fab-
ricated human perivascular bone models to examine metastatic
colonization. In these models, a first bone component filled with
bone marrow-derived mesenchymal stem cells (MSCs) and en-
dothelial cells was created prior to adding breast cancer cells one
week later to obtain a triculture system. The model was able to re-
produce stable vascular networks and showed similar effects of
the drug sunitinib to those in vivo, i.e., a lack of effect over slow-

proliferative breast cancer cells, which are suspected to have a
role in metastasis and colonization. Metastasis might, however,
be mimicked to a higher degree by separation of the cancerous
compartment and allowing cancer cells to migrate toward the
perivascular compartment instead of a direct injection of cancer
cells into the perivascular model.[68]

As stated above, functional variations were achieved by plac-
ing a previously arranged structure inside a defined material to
obtain the final multicompartment construct. One such exam-
ple is the formation of pancreatic cancer organoids, where pre-
made pancreatic cancer organoids were introduced into a hydro-
gel system that contained fibroblasts and/or lymphocytes. This
design displayed increased resistance to treatments compared
to organoid-only systems.[69] It is also worth mentioning that,
in some cases, depending on the attachment strengths and self-
assembling abilities of cells, heterogenous populations of cells
have been able to form compartments without the need of an
external arrangement. For example, core–shell pancreatic can-
cer spheroids were obtained by seeding pancreatic cancer cell
lines and pancreatic stellate cells (PSCs) at various ratios. Here,
the spheroid replicated PSC microenvironment within pancre-
atic ductal adenocarcinoma and displayed chemoresistant, inva-
sive, and metastatic phenotypes.[70]

3D liver models were also created with this approach through
seeding human umbilical vein endothelial cells (HUVECs) on
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top of a collagen-coated paper. After the initial monolayer formed,
a second component of induced pluripotency hepatocytes (Hi-
Heps) were added. This set up maintained a higher expression
of certain liver-associated genes compared to monolayer con-
structs, in addition to the support of liver specific functions such
as albumin secretion or urea synthesis for two months. Despite
this, hepatic function appeared to reduce over the two-month pe-
riod of the study. A more physiologically relevant environment
or greater compartmentalization could help mitigate the loss of
hepatic function.[71]

The main advantage of this direct cell contact technique is its
simplicity; it does not necessarily rely on complex materials or
additional fabrication processes. In fact, it only requires a first
cell type to be cultured in the appropriate format, be it a mono-
layer, spheroid or within a polymer scaffold. Once the required
time has passed and the desired structure has been achieved, a
second cell type can be added or the structure can be transferred
onto a different system, such as a 3D hydrogel. This greatly re-
duces the level of difficulty and precision required in creating
compartments, providing a more approachable take on multi-
compartment constructs. This is also supported by the process
being less technically demanding as there is no need for extra
equipment such as microfluidics, 3D bioprinters or patterning
systems in its creation. By having cell-only compartments in such
proximity with other cell-only compartments, this type of model
also facilitates interaction and signaling between them. However,
while some of the generated constructs might be considered 3D,
this approach often disregards the contribution or importance of
ECM-like material embedded into the final construct, ignoring
key design principles such as appropriate tailoring of composi-
tion, mechanical cues, or chemical cues to that of corresponding
native tissues.

2.2. No Gel Indirect Contact

The second approach, which will be referred to as indirect con-
tact, follows a very similar principle to the first approach. How-
ever, instead of allowing different cell compartments to form on
top of or surrounding each other, cells are allowed to form next
to each other at opposing sides of a membrane, which can simul-
taneously have differentiated culture spaces (specific media and
conditions) or not. In these models, cells are still in 2D, reducing
the experimental difficulty while still allowing for the controlled
study of biological interactions and the importance of differing
components of a certain system.

When cells are placed immediately next to each other, there in-
evitably will be some direct contact between cells of adjacent com-
partments, however, most of these cells will only benefit from
secreted factors by cells in either compartment. For instance,
Khetani and co-workers engineered an in vitro model that im-
proved the maturation and longevity of hepatocytes by culturing
them in compartments surrounded by fibroblast containing com-
partments. However, the presence of undesired markers was still
present and further integration of chemical cues would improve
the effectiveness of the model.[72]

In other set ups, cells are placed in the same shared cul-
ture environment in two different compartments, created by
separating the two cell populations via a membrane, i.e., a
transwell model. Transwell models put emphasis on separating

cell populations to allow them to form and often develop into a
barrier-like monolayer. Lau et al. developed a transwell model
that allowed the study of intravasation of breast cancer cells
and model entrance into circulation by isolating breast cancer
cells on one side of a Matrigel layer that had an endothelial
monolayer on the opposing side. This model allowed for the
identification of specific breast cancer populations that were
then consequently used in in vivo models. This study provides a
good example of how multicompartment in vitro models could
help to improve drug development and facilitate fundamental
research by offering a first evaluation of potential candidates
before moving to animal models.[73] Another model, used to
study cardiac tissue, consisted of cardiomyocytes and fibroblasts
at either side of a poly(lactic-co-glycolic acid) PLGA membrane.
This cardiac model facilitated the interaction between fibroblasts
and cardiomyocytes, and showed enhanced cardiac reprogram-
ming of the fibroblasts at both gene and protein level when
electrical stimulation was present. While this is an interesting
development, due to its small scale and low-throughput, this
system might be better suited to study the molecular mecha-
nisms by which cardiac-reprogramming happens rather than to
provide a cardiac cell source as originally intended.[74]

The drawbacks of transwell models include the inability to
investigate the effect of shear flow or dynamic culture condi-
tions in addition to having different culture conditions for each
compartment. This can be solved by including the different cell
populations in different chambers of microfluidic devices (which
will be explained in depth within the next section of this review),
separated by permeable or discontinuous barriers. Using this
technique, researchers have engineered microfluidic platforms
that allow for the study of interactions between osteoclasts and
osteocytes and the implications of flow in those interactions.
The researchers were able to show increased osteoclast dif-
ferentiation toward nonstimulated osteocyte channels due to
the increase of secreted factors such as Receptor Activator for
Nuclear Factor k Ligand (RANKL). However, the system has a
very low-throughput and does not include oscillatory fluid flow
which would enhance its relevance as bone suffers cyclic loads
as opposed to constant loads.[75] Rahman et al. used a similar
platform (although under flow-free conditions) to evaluate
intercellular communication between breast cancer cells and
adipose cells. The platform showed not only enhanced growth
and proliferation, but also resistance to gold-standard drug
treatments when breast cancer cells were cultured with adipose
cells. This suggests that factors secreted by adipose cells play a
key role in breast cancer growth and drug resistance. Despite
these positive findings, the inclusion of mechanical or chemical
cues, and embedding the cells in relevant 3D culture platforms
could greatly improve the biomimicry ability of the model.[76]

Other models involving this type of set up were used to study
the neuromuscular junction. Neurons and muscle cells were
placed at either side of a barrier (consisting of microgrooves),
allowing for communication and the invasion of neurons into
the muscular compartment. The ability to manipulate each
compartment in fluidic isolation individually allowed for a closer
specific environmental match. This has important implications
as it facilitates the study of the effect of targeted treatments
and may contribute in developing a better understanding of
neuromuscular processes and neurodegenerative diseases.[77,78]
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While this second approach is similar to the first, here, the
majority of the contribution of the effect of one cell on another is
via secreted factors that allow for indirect communication rather
than direct communication as seen previously. Given the nature
of 2D culture systems, the level of complexity of this approach is
lower than that of its 3D counterparts. 2D systems do not take
into account the embedded nature of the cells within a complex
environment that is able to guide and instruct cells into specific
phenotypes and behaviors. However, they are still able to mimic
essential separations and compartmentalization of native tissues,
and present enhanced responses and advantages over traditional
monocompartment monocultures or cocultures.

2.3. Gel–Gel

The next approach uses hydrogels: highly hydrated polymer net-
works. These materials have ≈90% water content and provide a
highly suitable 3D environment for cells to live and thrive in, by
closely mimicking conditions in which cells can be found in or-
gans. Most importantly, these hydrogels can either be made up
of, or functionalized, with ECM properties and proteins to en-
hance the resemblance of the matrix to that of the physiological
organ.[79]

In this approach, the constructs in which compartmentaliza-
tion was achieved by combining two or more hydrogels in spa-
tially distributed configurations have been included. Tradition-
ally, this was done using casting and molding techniques, in
which several of these compartments were assembled using com-
plementary geometries or additional adhesives to keep them to-
gether. However, in recent years, 3D bioprinting has enabled
fabrication of each of these compartments simultaneously, con-
sequently introducing the creation of architectures with greater
complexity.

Hydrogels are often combined to produce multiple compart-
ments in either the horizontal or the vertical axis (Figure 3).
Some models consist of an interior hydrogel that is then fully
surrounded by a second material in an enclosed sphere config-
uration. For example, in one study, a pancreatic islet containing
hydrogel was fully surrounded by a vasculogenic hydrogel to ob-
tain implantable devices with mechanical and proteolytic stability
and an increased support of islet viability. The encapsulation in-
side the vasculogenic compartment improved islet viability when
compared to control single-compartment gels, however, vascular
endothelial growth factor (VEGF) incorporation was also seen to
be instrumental in the observed effect.[80]

This approach, despite having higher requirements in terms
of structural stability as well as fabrication complexity when
compared to the above described, can more closely resemble
the native architectures found in tissues and organs than other
approaches. In addition, the presence of hydrogel components
provides the ECM-like environment that grants cells with a closer
microenvironment to that of physiological systems. Osteon-like
environments were created by combining MSCs and HUVEC
cell-laden fibrin gels using a concentric ring design which
contained the cells in outer and inner rings respectively. This re-
sulted in constructs that recreated an optimal microenvironment
by mimicking the native cell pattern found in bones, specifi-
cally mineralized bone surrounding the Haversian channels.

However, while in in vitro this showed increased angiogenic
potential, little work was done in vivo. This system, which was
initially intended for implantation, could prove a useful tool in
studying essential bone-related processes and diseases.[81]

Furthermore, this approach allows for a subsequent control
of the culture conditions by combining the constructs with mi-
crofluidics or flow-containing bioreactors, as well controlling pa-
rameters such as hypoxia or chemical gradients. This enables
the fabrication of highly complex models that not only support
compartmentalization but also enable compartments to work un-
der different conditions, further increasing progress toward the
biomimicry of native tissues.[82]

By horizontally patterning several concentric rings, includ-
ing both tumor and endothelial components inside a silicon
chip, high fidelity glioblastoma (GBM) models have been cre-
ated. This glioblastoma on a chip included the GBM component
surrounded by a blood-vessel containing layer often found in tu-
mors. In this silicon chip, additional conditions such as hypoxia
were generated in the center of the model, thus incorporating na-
tive glioblastoma features such as the existence of a necrotic cen-
ter surrounded by pseudopalisading cells. When patient-specific
models were generated, the results resembled the observations
made in clinics, thus offering hope for these models to be used
in assessing the potential effect of different drug candidates and
treatment combinations.[49]

Vertical patterning of different properties of hydrogels contain-
ing the same cell type were used to mimic osteochondral tissue,
where a bottom hydrogel layer with high stiffness values was
topped with two layers of decreasing stiffnesses, simulating the
bone-like component gradually turning into cartilage. This illus-
trates how the presence of multiple compartments and composi-
tions, even if only physicochemical and not biological, provides
an improvement in tissue resemblance.[83]

Importantly, gels are not required to be on the same scale
within a model. Cell-laden hydrogel microparticles embedded
within a carrier hydrogel are an example of this. In this
case, the incorporation of these microparticles results in mul-
tiple compartments at a small scale. Be it different polymers,
biomolecules, GFs or cell types, these microparticles together
provide a different environment to that of the bulk hydrogel (Fig-
ure 3). Additionally, several microparticles with differing compo-
sitions can be spatially arranged in different areas of a construct,
offering varying compartmentalization features. Microparticle
fabrication processes have previously been engineered to pro-
duce enough spatial distribution to generate separate areas con-
taining different cell types[84] or chemical profiles.[85–87]

This approach has been used to allow for cross-scale control
over tissue-mimetic features in the design of culture systems that
consider mesoenvironmental characteristics, i.e., both a macro-
and microenvironment. A novel prostate cancer model includ-
ing cancer spheroid microgels, surrounded by a network of HU-
VEC capillary structures, has been created utilizing this. The ap-
proach showed great potential, providing vascularized multicom-
partment embedded prostate cancer spheroids. Despite this, as
the authors suggest, the paper describes a proof-of-concept ap-
proach and specific control of features such as microgel size
(to control interfacial area between compartments) or mechan-
ical properties of each compartment should be implemented to
better understand processes such as tumor progression. In the
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future, this system could be used in other coculture and organoid
schemes that could also include several types of these micropar-
ticles positioned in different areas of the construct.[88] Some im-
plants use microparticles inside a bulk hydrogel. This provides an
environment for very sensitive cells in which phenotypes could
be maintained for longer in comparison to bulk cell-laden hy-
drogels. For instance, a study where a combination of support
microparticles (aimed at improving graft acceptance) and pan-
creatic islets inside an injectable hydrogel were injected in dia-
betic mice, found close to a threefold increase in graft acceptance
over 200 days while maintaining function by normalizing glucose
levels. This result cannot be attributed to the presence of a multi-
compartment alone, but instead as an addition to the appropriate
functionalization of the microparticles that provided an essen-
tial immunomodulatory effect when islets-containing hydrogel
grafts were implanted.[89]

Previous works following a very similar approach have
achieved a better reproduced drug response to patient-specific
treatments by using a spheroid inside a cell-containing gel strat-
egy, including both pancreatic cancer and stromal cells within
confined areas.[90] A particularly interesting feature of this ap-
proach is the possibility of producing microparticles that can be
made entirely of different hydrogel systems, without the need
to incorporate similar materials or glues in order to bind dif-
ferent compartments, which are typically otherwise needed. Mi-
croparticles additionally offer conditions that create multiple tiny
compartments that could potentially support nodules and host
smaller populations of cells in similar ways to some native tissues
that possess dispersed and localized populations, i.e., pancreatic
islet in the pancreas.

2.4. Hybrid

Similar to the previous approach in which two or more hydrogels
are combined, two or more materials can be combined to obtain
multicompartment constructs. In this second approach, how-
ever, it is not a combination of two or more hydrogels but rather
a combination of hydrogels with thermoplastics or cements
(Figure 3).

Even though hydrogels provide a friendlier environment for
cells in terms of toxicity and ability to replicate a highly hydrated
microenvironment, the mechanical properties are much lower
than those of thermoplastics[91] or cements.[92,93] In fact, stiff-
ness values of hydrogels, which researchers have been able to
control and tune to best fit their applications, vary from below
100 Pa to over 100 kPa.[94–96] While these are the ideal mechanical
requirements for tissues like vasculature, brain, or soft organs,
it is often insufficient to mimic the properties of structural tis-
sues. Trabecular bone, for example, has an elastic modulus vary-
ing from 6 to over 20 GPa in humans depending on the specific
bone under study and the scale used with the applied measuring
technique.[97] As a result, this approach has been mostly used in
tissues that can be found in the musculoskeletal system such as
bone, cartilage, muscle or tendons.

To provide biomimetic mechanical properties while keeping a
cell-friendly environment, a urethra model was printed consist-
ing of a multiphasic tube, combining an inner region of urothe-
lial cells embedded in a hydrogel, with a middle region made of

polycaprolactone/poly(lactide-co-caprolactone) (PCL/PLCL) and
an outer region of smooth muscle cells embedded in a hydro-
gel. The resulting bioprinted construct exhibited appropriate vi-
ability and proliferation of both cell types and had mechanical
properties like that of native urethra. The study, however, only
took place over one week of culture and hence failed to eluci-
date biological responses at longer time points. Despite this, the
study demonstrates how in vitro analyzing and modeling may
serve as an essential step in the evaluation of artificially engi-
neered constructs, which could further be translated to in vivo
studies and ultimately used as implants for both animals and
humans.[98]

To obtain the same integrity of native tissues, it is crucial to
provide the structural elements of the mineral component of
bone, and the enthesis or anchor points in muscles. A muscle–
tendon unit was engineered by combining a polyurethane re-
gion, a coprinted hydrogel with C2C12 cells, acting as the mus-
cle, with a polycaprolactone (PCL) region, a coprinted hydrogel
with NIH3T3 cells, acting as the tendon. This allowed for the
fabrication of a scaffold with both elastic and stiff regions, while
maintaining good viability, highly aligned morphology, and in-
creased muscle–tendon-associated gene expression. Further ad-
dition of biomechanical cues, such as stretch–relaxation, could
greatly influence the impact of this model, allowing for a better
understanding of regeneration and biological processes involv-
ing muscle and tendon structures by studying them in a more
biomimetic context.[99] Similarly, an osteochondral region was
engineered by combining an MSC-seeded PCL region, with an
MSC-laden gelatin methacryloyl (GelMA) hydrogel region. This
construct was then subjected to osteogenic media for the PCL re-
gion, and chondrogenic media for the GelMA region. The PCL
region was later coated with an HUVEC-laden GelMA hydrogel
and allowed to vascularize. The resulting osteochondral construct
was able to mimic both structural architecture and gene expres-
sion profiles.[100]

Bone models have utilized this approach by incorporating a
structural material to act as the mineral component and a sec-
ond hydrogel-based material to provide the environment for the
cells. A multicompartment osteogenic model included a PCL
scaffold with a series of interconnected pores filled with differ-
ent variations of cell-laden gellan gum hydrogels. MSC hydrogels
were placed in the inside and outside pores, while the intercon-
necting pores were seeded with endothelial cell hydrogels. Due
to this compartmentalization, the osteogenic effect and cell via-
bility were seen to improve compared to the mixed and mono-
culture controls. However, the structure and cell distribution of
the model could be redesigned in future to feature a more na-
tive bone-like architecture and enhance the biomimicry of the
model.[101] In a similar work, combinations of PCL and decellu-
larized ECM-based bioinks were coupled to allow the PCL to en-
close each line of printed bioink. Using this method cartilage, car-
diac and adipose tissue analogues were created, displaying high
viability and functionality.[102]

In a humanized osteosarcoma model, a tube of porous melt
electrowriting PCL scaffold coated with calcium phosphate (CaP)
microparticles was seeded with MSCs before being osteogeni-
cally stimulated over a period of seven weeks. It was combined
with HUVEC-laden PEG–VEGF hydrogel seven days before im-
plantation to the murine host to allow pre-vascularization of the
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Figure 4. Technologies used for fabrication of compartmentalized models. a) Masks and Stamps are used to create patterned surfaces with indented or
differently treated compartments. b) Different cell types are placed on different compartments to create multiple juxtaposed compartments. c) Microflu-
idic chips can be produced with neighboring compartments. d) Different cell types with or without support materials can be placed in each of these
compartments. e) Bioprinting is able to combine several bioinks within the same construct, creating complex architectures that include f) different
materials and cell types.

construct and generation of a tissue engineered bone construct
(TEBC). Another inner compartment composed of recombinant
human bone morphogenic protein-7 (rh-BMP7) fibrin gel and
laden with CD34+ cells, was used as the “glue” between the
murine bone and the TEBC to establish a humanized hematopoi-
etic and immune system. As a result, they were able to create a
model, which included both bone matrix and bone marrow, meet-
ing of all the requirements for use as a patient-specific in vivo
testing platform.[103]

3. Manufacturing Technologies

Aside from analyzing different approaches to achieve multicom-
partment constructs, it is also important to pay close attention
to various manufacturing technologies employed to obtain these
constructs (Figure 4). Advances in these types of constructs have
been strongly driven by advances in adjacent biofabrication tech-
nologies including micropatterning, microfluidics, and 3D bio-
printing. Despite the differences amongst these techniques in
terms of the technology adopted, all of them are capable of provid-
ing constructs with clearly differentiated compartments through-
out the structure. However, the type of materials they use, the
final configuration of the construct, 2D or 3D application, and
the precision and scale that can be obtained vary greatly be-
tween them. The choice of the technology ultimately depends
on the type of application, the biological system, and the level
of complexity required. For instance, 2D models typically have a
lower complexity than 3D models, some organs are more vascu-
larized than others, and some biological systems might require
the presence of channels to properly mimic the system under
study.

3.1. Micropatterning

Micropatterning is the oldest of many technologies used in the
manufacturing of multicompartment constructs. Micropattern-
ing allows for the creation of microscale patterns carrying vary-
ing properties in different regions, thus enabling different cells
to be added to specific regions of the surface. Although 2D con-
figurations are common, some examples of micropatterned 3D
structures can also be found. These are typically made by stack-
ing several 2D micropatterned structures in the vertical axis, or
by using hydrogels.[104]

The most well-known micropatterning technology is soft
lithography, which refers to a collection of techniques that en-
able pattern fabrication using stamps, molds, and photomasks.
Stamps enable the creation of slits and indentations in structures,
while molds allow for the creation of a complementary structure
(positive) out of the chosen material. Photomasks selectively per-
mit light through, enabling the production of structures using
photocurable or photoinducible materials (Figure 4).[105]

PDMS stencils, PDMS stamps or selective light blocking
masks have been widely used to obtain some of these patterns.
In a microscale model of human liver, an initial PDMS stencil
was used to generate equidistant circles that were then treated
with collagen before seeding with hepatocytes. After removal of
the PDMS stencil, fibroblasts, chosen to promote induction of
liver-specific functions in hepatocytes, were added to populate
the remaining surface, acting as the stromal component of the
stromal-parenchymal tandem. The tandem led to a higher level of
hepatic functions compared to conventional gel matrixes.[106,107]

Similarly, coculturing parenchymal cells surrounded by fibrob-
lasts expressed liver-like molecules inducing human hepatocyte
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function.[108] Long-term stability of hepatic functions was also
established using coculture models including liver and nonliver
derived parenchymal cells.[109] Another model for drug develop-
ment using a triculture of hepatic stellate cells along with a fibrob-
last/hepatocyte layer,[110] maintained a long-term hepatic pheno-
type by coculturing hepatocytes and endothelial cells.[34,108] These
liver models displayed increased hepatic function and could pro-
vide a better evaluation tool for the prediction of clinical out-
comes compared to monolayer single compartment cultures.
However, while they can somewhat mimic liver heterogeneity,
these models still fail to recapitulate exact liver architecture and
major advances are still required to fabricate models that will
more accurately predict and replicate liver-associated diseases
and processes.

These patterns can also be treated chemically to allow certain
types of cells to attach to the desired regions while avoiding cell
adherence to other areas. Additionally, using consecutive masks
enables several patterns to be created.[111] Using this technique,
a model with a mixture of adherent and nonadherent cells was
created by selective treatment of different areas of the surface.
Treating an area with albumin-cell membrane anchoring reagent
(CMAR) allowed typically nonadherent (NAd) cells to adhere.
This allowed for nonadherent cells to couple with adherent
(Ad) cells, thus enabling the study of the compartmentalized
cocultures. This system was used to study a neuroblastoma (Ad)–
myeloid (NAd) model, and a colon cancer (Ad)–monocyte (NAd)
model to evaluate the effect of monocytes on drug sensitivity
of cancer cells. Monocytes were seen to induce drug sensitivity
of cancer cells against deoxy fluoroudine (DFUR). However,
this effect was mostly limited to the cancer cells found within
1 mm of the monocyte source, highlighting the importance of
the architecture over the displayed response of a model or any in
vitro engineered tissue. The model could benefit from a different
design instead of the proposed rectangular areas placed next
to each other. Multiple circular regions placed inside a bigger
square region would maximize the area of effect of monocytes
over cancer cells, while at the same allowing the observation of
whether multiple monocyte sources have an impact on the overall
cancer cell response.[112] In a similar fashion, another study used
micropatterned collectors to obtain electrospun fibrous mats
that were then organized together to create multicompartment
models with highly intricate designs, to consider the interactions
between three different cellular components in a cardiac model.
Following the native cardiac tissue composition, cardiomyocytes
were coupled with cardiac fibroblasts (to secrete ECM compo-
nents, soluble factors, and transduce mechanical signals), and
endothelial cells were included to promote vessel formation and
secretion of endothelial growth factor. The researchers proved
the importance of architecture design; particular architectures,
such as a wave-patterned configuration, displayed significantly
higher cardiomyocyte elongation, alignment and beating rates
when compared to other multicompartment constructs.[111]

Similar striped micropatterns were used to create hepatocyte-
fibroblast (parenchymal–stromal) liver models that allowed
retention of hepatocyte phenotype and function.[113]

As previously described, micropatterning can also be done in
3D using hydrogels. Digital light processing (DLP), for instance,
uses the same approach as lithography in which a photomask is
used to generate a pattern, although here the photomask is used

to selectively cure specific regions of bulk hydrogels.[114] Other
models used a polydimethylsiloxane (PDMS) stamp while cur-
ing upon a first compartment already containing cells to gen-
erate indentations, i.e., on a cell-laden photocurable hydrogel.
Once cured, a second cell type was deposited on the indentations
created.[115] However, presence of light was found to not be an es-
sential requirement to create these patterned structures. Micro-
molding allowed the use of thermally or chemically crosslinkable
patterns, thus avoiding the toxicity that comes with some of the
light-mediated techniques.

For instance, a highly vascularized, heterocellular 3D architec-
ture, emulating a liver lobule was created as an in vitro model.
The model had a center circular region, containing endothelial
cells and a surrounding region containing hepatic cells. A PDMS
mold was used and a patterned structure to which endothelial
cells could be attached was created. Stacking these circular and
stamp-patterned structures was carried out to produce the final
liver-lobule, which consisted of both vertical and horizontal vas-
cularization. The multicompartment architecture resulted in an
increased urea production from hepatocytes, a useful measure of
its effective function, compared to both hepatocytes in hydrogel
gel matrices and un-patterned cocultures.[104]

Another study used PLGA– poly-L-lactic acid (PLLA) to create
macroporous structures that were then cut into different sized
circles and seeded with a fibrin gel laden with fibroblasts and en-
dothelial cells. A smaller circle containing endothelial cells was
next placed inside the bigger fibroblast containing circle. This
system was introduced in a multi-flow channel bioreactor to in-
duce endothelial barrier formation. Fibroblasts migrated to sta-
bilize the EC region and thereby improved the formation of the
vascular structure.[82]

In conclusion, micropatterning has been used to study a wide
range of different systems, showcasing the potential of the tech-
nology. However, despite more recent 3D models obtained via
DLP, the technique usually entails 2D structures in which the
3D component of tissues is overlooked. Referring to the pre-
vious section, micropatterning would be more suitable for an
approach that includes non-ECM indirect cell contact, although
sometimes, ECM features are present as a surface treatment
rather than by providing a 3D ECM-like environment. As mi-
cropatterned models are typically done in 2D, there is a limitation
in the achievable biomimicry capacity of the model. In order to
appropriately mimic tissue heterogeneity, it would be more desir-
able to include this type of 3D configuration. Despite this, some
of these models have provided valuable knowledge and an in-
creased understanding of biological processes. Furthermore, the
simplification into a 2D configuration has enabled the limitation
of the number of variables involved when trying to elucidate bio-
logical processes or disease mechanisms.

3.2. Microfluidics

Microfluidics involves the use of chips made from glass or poly-
mers (such as poly(methyl methacrylate) (PMMA) or PDMS)
with microsize channels created to allow different solutions to
flow through. This technology has gained great interest within
life and chemical sciences due to the miniaturization these de-
vices allow for. This key feature consequentially enables the study
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of phenomena that has previously escaped macroscale devices.
The popularity of microfluidics is accelerating in tissue engineer-
ing with the birth of organ-on-a-chip approaches. An example
of this microfluidics system placed living cells along with other
culture materials in different compartments to simulate tissues
and organs, avoiding oversimplified traditional 2D models (Fig-
ure 4).[116] Currently, there are models using microfluidics that
emulate almost any organ present in the body and are used for
both research and industrial applications.

Apart from providing this compartmentalization, microfluidic
devices have an especially interesting property; the ability to gen-
erate and control a nutrient and biomolecule gradient throughout
the model, thus allowing for a higher level of precision. This is
done by incorporating perfusable channels that can distribute the
desired solution using fluid pumps.[38] Usually, cells are found
in a material-free context, often in 2D set ups, spheroids, or
organoids, although some models include other material com-
ponents such as hydrogels.

In lab-on-a-chip and organ-on-a-chip approaches, microfluidic
chips that mimic a specific biological system allow for an efficient
evaluation of fundamental biology, disease mechanisms or chem-
ical compounds. This is due to the ability to replicate functional
units of several organs, both structurally and chemically.[117] For
instance, a model was designed to study the degeneration of the
corticostriatal circuit, a key neuropathological and clinical fea-
ture of Huntington’s disease. Mimicking the corticostriatal cir-
cuit, by coupling a cortical and striatal neuron compartment, al-
lowed identification of key proteins involved in both degeneration
and regeneration. In this model, multicompartmentalization was
used to achieve multiple key elements other than just the con-
tainment of the culture-isolated population of the different neu-
ron types. The 500 μm microgrooved spaces between compart-
ments, through which standard synapses of both neuron types
were displayed, enabled the development of a healthy corticostri-
atal circuit model. The modifiable nature of the model allowed it
to emulate reduced synaptic connectivity and striatal neuron at-
rophy commonly associated with Huntington’s disease. Finally,
the identification of key chemicals involved in the process (brain-
derived neurotrophic factor) and the evaluation of the potential
treatments to regenerate the diseased circuit were also made pos-
sible due to the compartmental feature of the model.[118]

Multicompartment tumor models have also been created us-
ing microfluidics, where tumor, stromal, and vascular cells were
spatially organized and used to study morphology, growth, and
the microenvironment.[119] Another effort was made to create
an early-stage breast cancer in vitro model, using a coculture
of breast tumor spheroids with human mammary ductal epithe-
lial cells and mammary fibroblasts. This method aimed to repli-
cate the microarchitecture of breast ductal carcinoma using a
microfluidic chip made of two cell culture chambers separated
by a membrane mimicking the native basement membrane.
The upper chamber contained the tumor component, while the
lower chamber contained the stromal component. While the sys-
tem showed an appropriate response against gold-standard drug
treatments, it is still a simplified representation and fails to in-
clude other important cell types or controllable mechanical prop-
erties that may increase the resemblance to an in vivo context.[120]

Generally, different compartments inside a chip are connected
or allowed to communicate by incorporating pores or perme-

able membranes as walls between them. The central feature of
the work by Shirure et al. included endothelial cells placed be-
tween two cancer adjacent compartments.[121] Similarly, a col-
orectal tumor-on-a-chip model was created with an inner com-
partment containing colorectal cancer cells connected to an outer
compartment containing endothelial cells via small channels, al-
lowing the study of endothelial invasion into the inner compart-
ment amongst other things.[122] A liver-on-a-chip system used a
parenchymal compartment containing primary hepatocytes in-
terfaced with a vascular channel containing endothelial cells with
or without Kupffer and hepatic stellate cells. The model was later
used to detect different liver toxicity phenotypes. In this work,
they develop three species-specific liver-on-a-chip, all of which
showed different hepatic function and marker differences. Com-
pared to other models, such as the micropatterned liver mod-
els described in the previous section, these liver-on-a-chip mod-
els were able to mimic the dynamic culture conditions by utiliz-
ing a flow microfluidic chip. This method not only reproduces
the physiological accumulation of metabolites but also gener-
ates mechanical forces that are instrumental in appropriate ge-
netic expression and cell function.[123] Some of these models in-
cluded microchannels that can be used to provide a vasculature-
like structure within a bigger compartment. This approach was
used to create a heart-on-a-chip where the endothelial compart-
ments, supported by a smooth muscle cell compartment, im-
proved the barrier function of the endothelial compartment, an
essential property of the endothelium. This is a feature that is
often disregarded by other models where endothelial structures
lose their integrity due to the lack of support cell types.[124]

Typically, microfluidics uses channels to perfuse different
solutions containing chemicals, thus allowing the generation
of chemical gradients that can convert into differentiated
interfaces.[125] However, this is not limited to chemical gradi-
ents, as seen in other works where the channels are used as
a means of generating shear stress and mechanical cues. For
instance, a lung functional chip took into account both epithe-
lium and endothelium membranes and used air channels to cre-
ate mechanical features that were central to its function.[126] An-
other lung-on-a-chip also used coupled, vascular and mechanical
channels, further allowing effective production of lung epithe-
lial monolayers.[127] In this work, an additional membrane coated
with gut epithelium cells was used to create a gut-on-a-chip. The
model included a vacuum mediated mechanical feature to cre-
ate a peristaltic-like mechanical stimulation to bring it closer to
the native gut features.[128] All these models increase the physio-
logical relevance of the engineered models by recapitulating es-
sential features, i.e., mechanical stimulation and compartmen-
talization. However, a closer representation of the chosen native
tissues could be achieved by including other ECM cues that mod-
ulate mechanical properties, providing chemical factors or by em-
bedding the different compartments in a 3D ECM-like environ-
ment that matches the composition to that of the target tissue.

In microfluidics, due to all the compartments being clearly
separated, hydrogels can be incorporated in one channel, while a
purely liquid media-based phase can be in the adjacent channel.
One of these chips was used to study vascularity in bone marrow
patients of hematological malignancies in leukemia. In it, two
channels were loaded with cells, one with leukemic and bone
marrow cells, and the other with endothelial cells separated by

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (11 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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a collagen gel channel. Due to the signaling from the leukemic
channel, endothelial cells were observed sprouting toward
them.[129,130] Similar systems were used to model the blood-brain
barrier (BBB) composed of four compartments, two for media
supply (650 μm width), one containing a fibrin-fibroblasts and
another containing a fibrin-astrocytes (both 800 μm width). After
one day, pericytes and human brain microvascular endothelial
cells (HBMEC) were added at the border of the fibrin-astrocyte
gel. After one week, the HBMEC displayed newly formed
sprouted vessels that reached the fibrin-fibroblasts compart-
ment. While the pericytes and astrocytes improved the vascular
morphology and barrier function, the fibroblast compartment
was instrumental in the generation of proangiogenic factor gra-
dients that ultimately led to the model appropriately mimicking
key features of the BBB such as narrow vascular morphology,
high tight junction expression, and low permeability. The model
could further be used as a tool for evaluating drug treatments
that involve the central nervous system (CNS) and targeting
brain tumor-associated pathological angiogenesis.[131] A pancre-
atic model with two juxtaposed pancreatic duct adenocarcinoma
cells (PDAC) and perfusable endothelial lumens was used to
elucidate on PDAC–vascular interactions. With this chip they
were able to not only mimic pancreatic ductal cancer invasion
and replacement into the blood vessel, but also the effect of a
gold-standard drug, follistatin, on disrupting this process.[132]

In other models, the heterogeneous architecture was achieved
within the same compartment. Ma et al. created a biomimetic
liver lobule-like microtissue that contained a hepatic cord-like
network together with a hepatic sinusoid-like network.[133]

Research also found evidence to suggest that in some cases
compartments and channels do not need to be in the microscale.
In this case, a closed-circuit to study skeletal metastasis from
prostate cancer was created by connecting two wells to a peri-
staltic pump. Prostate cancer cells positioned in the first well-
travelled to populate the bone stromal component in the second
well, displaying key features in metastasis models such as chemo-
taxis, enabling seeding at targeted tissue sites and improved can-
cer cell growth at the metastatic site.[134]

In addition, several of these organ-on-a-chip were found to
have the ability to couple to create a system-on-a-chip or even
human-on-a-chip model.[135–139] For instance, a gastrointestinal
tract-on-a-chip and a liver-on-a-chip were coupled to study the ef-
fect of nanoparticles over liver injury.[140] In this work, a gut chip,
a liver chip, a kidney chip, and an arteriovenous reservoir were
connected to obtain a multiorgan chip. Each of the chips simul-
taneously provided several compartments in order to mimic their
native composition and functions. This setup provided a platform
to study first-pass drug absorption, distribution, metabolism, tox-
icity, and excretion in humans.[137] In another model, created to
test and predict substance effect, compartments were also con-
nected through small channels. The model included several com-
partments that mimic several organs including brain, bone mar-
row, and liver, connected to real-time sensors for in situ monitor-
ing of biophysical and biochemical parameters.[138]

In conclusion, microfluidics has proven to be an increasingly
valuable technology, both by the possibilities it provides in terms
of compartmentalization, but also because of the ability to dy-
namically control complex sets of mechanical and chemical cues.
Microfluidics grants precise control over dimensions and pro-

vides high reproducibility over each compartment of a model.
The ability to include 3D ECM-like environments, isolate cul-
ture conditions of specific compartments and most importantly
to allow different types of interactions and set ups between com-
partments are key advantages of this technique in regards to
compartmentalization. With regards to the control it grants over
culture conditions, microfluidics is excellent at offering differ-
ent conditions, such as cyclic stretching in endothelial or pul-
monary models, or cyclic shear stress in endothelial or bone mod-
els. Moreover, it provides dynamic control over the supply of im-
portant nutrients and chemical factors, such as growth factors
or chemokines. Despite all its strengths, microfluidics is limited
in complexity, and the models are limited to microfluidic chip
constraints, i.e., the presence of compartments is inherent to the
microfluidic chip and a whole multicompartment structure can-
not be retrieved from the chip for further analysis or application.
While microfluidics has helped to increase our understanding
of how all these features are involved in different biological pro-
cesses and mechanisms, both in healthy and diseased conditions,
it is severely limited in terms of the scale it can reach (microscale),
and the type of heterogeneity that can be mimicked structurally.
For instance, microfluidics does not allow modeling of higher
organ-scale of full thickness tissues, and while it does support
the creating of channel-based models, it does not allow the study
of these structures when they have complex 3D architectures em-
bedded in hydrogel compartments. In reference to the previous
section of this review, microfluidics can be used in any configu-
ration of non-ECM indirect cell contact, but also in gel–gel mul-
ticompartment approaches.

3.3. 3D Bioprinting

3D bioprinting is a technique that has seen a rapid increase
in relevance and attention in recent years. It combines addi-
tive manufacturing, in which a 3D object is built in a layer-
by-layer manner combined with tissue engineering, providing
promise for advancements through uniting engineering and bi-
ological principles to obtain engineered tissues. In this process,
3D printed objects are produced following predesigned architec-
tures that are designed using computer aided software (CAD).
CAD helps to obtain consistent, specifically designed and repro-
ducible constructs.[141] 3D bioprinting has already been used to
produce a wide range of artificial organs including urethras, tra-
cheas, and skin.[142] While some of these bioprinted constructs
have been used as implantable devices, others make more use of
these in drug development and pharmacology.[143]

At the time of this review, there are four main bioprint-
ing modalities in use: extrusion based, inkjet, laser-induced,
and stereolithography bioprinting[144,145] (Figure 5). Unlike other
additive manufacturing approaches using ceramics, metals or
resins, 3D bioprinting uses hydrogels and cells, that can be com-
bined resulting in cell-laden material as the printing component
(Figure 4).[141,146] These modalities all share a common feature:
the use of cell-laden hydrogels as printing materials. This is cru-
cial, as the use of cell-laden hydrogels as the printing compo-
nent allows for the combination of polymers, ECM materials, and
chemical factors to provide the entire range of cues present in
native cell microenvironments (Table 1). It should be noted that
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Figure 5. 3D Bioprinting modalities and multicompartment examples. a) Extrusion bioprinting: illustrated representation of a hydrogel constructs of
osteochondral tissues,[32] a minibrain with inner glioblastoma compartment surrounded by macrophages,[31] and an ex vivo glioblastoma-on-a-chip
model.[49] b) Laser-assisted bioprinting: depiction of a confocal reconstruction of different layers of apical (green) and endothelial cells (red) and a cross-
section illustrating different layering of constructs. An example of horizontal patterning at different time points containing patterned apical (pore) and
endothelial cells (grid).[176] c) Inkjet bioprinting: diagram showing process for horizontal patterning of a 2-cell 3D microtissue array,[177] and examples of
this patterning technique using green/red/blue labeled cells.[178] d) Stereolithography bioprinting: representation of a perfusable network model within
hydrogel and a complex lung alveoli model containing air sac and oxygenating vascular network.[168] Figure made with BioRender.

these gel components can also be combined with thermoplastics
or ceramics to provide enhanced structural features if required
to or to better mimic mechanical requirements.[47,147,148] In addi-
tion, one of the main strengths of 3D bioprinting is its ability of
producing freeform fabrication. Moreover, 3D bioprinters usu-
ally have different printheads or configurations whereby differ-

ent bioinks can be used simultaneously, granting the possibility
of combining multiple printing material compositions.

Another key feature is that free-form fabrication coupled with
the ability to use multiple materials in the same construct, allows
for the obtention of highly complex architectures. Within the con-
straints imposed by the technology, 3D bioprinting provides the

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (13 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 1. Comparison of 3D bioprinting modalities, bioinks, models, and key findings.

Bioinks Cells Architecture Key findings Refs.

Extrusion

Alginate–gelatin Aortic valve leaflet interstitial
cells (VICs) and smooth
muscle cells (SMCs)

Heart valve conduit: 2 compartments laden with
each cell type, construct based off CT images.

>80% viability after 7 days.
Phenotypic retention was seen for both cell

types.

[152]

Alginate–gelatin Fibroblasts (HMFs), cancer
cells, HUVECs

Cancerous tumor construct: cell laden stromal
compartment printed with a fully encased
cancerous core.

Dynamic cell–cell interaction was seen
between compartments.

Native stromal characteristics were seen in
the stromal compartment.

[153]

BdECM, silicone GBM cells, HUVECS, cancer
cells

Glioblastoma on a chip: 2 concentric
compartments surrounded by a silicone
chamber wall.

>90%viability
Spatial cell organization was seen to closely

mimic natural cancer progression

[49]

Esophagus-derived dECM,
PCL

Esophageal cells Esophageal stent: cell laden reservoir created
within PCL stent frame.

>90% viability after 14 days
Increase structural stability of stent due to

fabrication process

[55]

Fibrinogen based Keratinocytes, melanocytes,
fibroblasts, dermal
microvascular endothelial
cells, follicle dermal papilla
cells, and adipocytes

Full thickness skin construct for wound healing:
trilayer skin graft construct.

Wounds were shown to close fully after 3
weeks.

Formation of an epidermal barrier like that of
native skin.

[8]

Fibrinogen–gelatin
(hyaluronic acid), PCL,
and PLCL

Urothelial cells (UCs) and
Smooth muscle cells (SMCs)

Urethra construct: columnar and spiral tubes
with 2 concentric cell laden compartments.

78.3% ± 4.7% UC viability after 7 days. 84.5%
± 5.4% SMC viability after 7 days. Porous
scaffold structure allowed for contacts
between compartments.

[98]

Fibrinogen-Gelatin
(hyaluronic acid), PCL
and PU

Fibroblasts and myoblasts Muscle-tendon unit: overlapping rectangular
construct with cell laden gel filled gaps.

92.7% ± 2.5% myoblast viability after 7 days.
89.1% ± 3.3% fibroblast viability after 7 days.
Elastic muscle side and stiffer tendon side,

intermediate characteristic in the middle
overlapping interface section.

Highly aligned cell morphologies seen.

[99]

Gellan gum MSCs and HUVECs Multicompartment osteogenic construct: logpile
structure comprising of pairs of different sized
compartments.

Viability and osteogenesis were enhanced
when crosslinking with strontium.

[101]

GelMA Endothelial cells and fibroblasts 3D thrombosis on a chip: a sacrificial printed
bifurcated channel mold filled with the cell
laden hydrogel.

>80% viability after 7 days.
Potential for fibroblasts to migrate into blood

clots seen.

[154]

GelMA–gelatin Glioblastoma-associated
macrophages, glioblastoma
cells

Minibrain glioblastoma construct: 2
compartments consisting of a hollow printed
macrophage wall filled with a glioblastoma
laden core.

Cell viability maintained after 10 days.
High metabolic activity was seen.

Glioblastoma cells recruited and polarized
macrophages into a glioblastoma-assisted
specific phenotype.

[31]

Omentum Endothelial cells,
cardiomyocytes

Vascularized heart construct: 2 compartments,
comprised of cell laden omentum hydrogel
inside an alginate-xanthan gum support
material.

Enhanced cell viability.
Anatomically correct cellularized and

vascularized heart.

[149]

Inkjet

Collagen Type I and II alveolar cells, lung
fibroblasts, and lung
microvascular endothelial
cells

3D alveolar barrier construct: trilayer construct
created by printing an endothelial layer onto a
porous membrane, a layer of fibroblast laden
collagen and collagen ink, and a final layer of
alveolar cells.

>90% viability after printing with no
significant cell death after 7 days.

Enhanced barrier integrity and intercellular
junction protein gene expression.

[155]

GelMA–PEGDMA Myoblasts and tenocytes Muscle–tendon model: dumbbell-shaped
structure with 0.3 mm gaps, tenocyte laden
hydrogel printed around outer posts, myoblast
laden hydrogel between the posts.

>95% viability after printing.
A continuous tissue construct was formed at

the interface between the 2 gels

[156]

starPEG and
starPEG-heparin

MSCs Layered multicomponent construct: 2
compartments printed in an alternating layer
by layer construct.

>80% viability after 7 days.
Chemotactic molecular gradients were

produced.

[157]

(Continued)
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Table 1. (Continued).

Bioinks Cells Architecture Key findings Refs.

Fibrinogen, PCL Articular chondrocytes Cartilage tissue construct: circular construct
comprised of alternating PCL and cell laden
hydrogel layers.

Viability was >80% after 7 days.
Cells proliferated and retained their biological

properties.

[158]

PEGDMA Chondrocytes Cartilage repair construct: cell laden hydrogel
filled defect in an osteochondral allograft plug
construct.

89.2 ± 3.6% viability after 1 day with
simultaneous photopolymerization.

63.2 ± 9.0% viability after 1 day with
continuous photopolymerization after
printing.

Even distribution of chondrocytes after
simultaneous photopolymerization.

[159]

PEGDMA with bioactive
glass (BG) and
hydroxyapatite (HP)
nanoparticles

hMSCs Osteogenic construct: cylindrical scaffold,
coprinted cell-seeded hydrogel with bioactive
ceramic nanoparticles.

Highest viability when HA nanoparticles
present, 86.6% ± 6.0% after 21 days.

Osteogenic differentiation stimulated
significantly when HA present.

[160]

Laser-induced

Alginate and EDTA
(plasma), collagen

Fibroblasts, keratinocytes 3D multicellular skin construct: bilayered
constructs of fibroblast and keratinocyte laden
collagen.

No intermixing of keratinocytes and
fibroblasts after 10 days.

Adheren junctions formed between the cells
and gap junctions.

[161]

Cell pellet suspension HUVECs and MSCs Cardiac patch construct: adjacent orthogonal
grid patterns of HUVECs and MSCs printed
onto an elastomer circular patch.

Vessel formation aligning with the grid
geometry was seen.

[162]

Collagen Fibroblasts, keratinocytes 3D multicellular skin construct: stratified skin
tissue construct comprised of layering
fibroblast laden gel on top of keratinocyte
laden gel

Differentiation of keratinocytes in the
suprabasal layers was suggested after 11
days.

Tissue comprising of fibroblasts producing
collagen.

[163]

Collagen hESC-LESCs (human embryonic
stem cell derived limbal
epithelial stem cells) and
hASCs

Corneal tissue construct: a rectangular construct
consisting of acellular layers printed on top of
hASC laden hydrogel layers.

Good viability after printing.
Horizontal alignment of hASCs.
Attachment to host tissue after 7 days.

[164]

GelMA Acinar and ductal cells 3D pancreatic cell spheroid: 10 × 10 cells
spheroid array.

>90% viability 24 h after printing. Enhanced
control over even distribution and the
number of cells per spheroid.

[165]

Stereolithography

PEGDA Fibroblasts Microchanneled patch neovasculature construct:
PEGDA blocks with100 μm diameter channels.

Significantly enhanced concentrations of
secreted VEGF

[166]

PEGDA ADSCs Porous scaffold construct: rectangular construct
with voids forming micropores.

>90% viability after 7 days.
Enhanced cellular viability and activity.

[167]

PEGDA MSCs and HUVECs Intravascular alveolar construct: branched
concave and convex region structures
resembling air sacs with interconnecting
airways.

Enhanced blood mixing, flow bidirectionality,
and oxygenation of surrounding blood.

[168]

PEGDA and GelMA Fibroblasts and HUVECs ECM topography construct: chips designed with
patterned. Fibroblasts were seeded onto
PEGDA microwell constructs and HUVECs
were seeded onto GelMA microwell
constructs.

Fibroblasts formed complex multicellular
structures aligning with the walls of
microwells.

HUVECs aligned with the lower hemisphere
circumferences of the microwells.

[169]

GelMA HUVECs Porous multilayer scaffold: logpile and hexagonal
constructs creating rectangular and hexagonal
internal pores respectively.

Uniform cell distribution and high cell density.
Different pore geometries allowed for

selective mechanical properties.

[170]

GelMA and GMHA Hepatic progenitor cells,
HUVECs and ADSCs

Triculture hepatic model: HUVECs and ADSCs in
GelMA–GMHA printed on top of hexagonal
layers of hepatic cells in GelMA

65% viability after 7 days.
Cell reorganization within the maintained

hexagonal structure.
Enhanced functional and phenotypic

properties of hepatic tissue.

[114]
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platform for virtually any structure to be printed. Scientists have
even printed an anatomically correct chicken-sized heart, includ-
ing its cavities and vessels.[149] It is important to consider that the
type of construct that can be fabricated is limited by the bioprint-
ing modality that is used.

While other techniques are suitable only for in vitro mod-
els, 3D bioprinting could be used in either implants or in vitro
models, showing suitable qualities that make it an ideal can-
didate for both applications. In fact, multicompartment heart
valves have been created using an alginate/gelatin bioink, includ-
ing aortic valve root cells for the walls and leaflet cells for the
valve leaflets. The constructs showed good viability, spreading,
and phenotype retention, demonstrating the robustness of mul-
timaterial approaches.[150] Heart tissue replacements were also
engineered with multicompartment alginate–poly(ethylene gly-
col) (PEG)–fibrinogen HUVEC–iPS cardiomyocytes vertically ar-
ranged constructs. This arrangement allowed for cardiomyocyte–
HUVEC layers that improved layering in the host, while keep-
ing a highly precise and repeatable compartmentalization of
cell types. In addition, they showed the usually overlooked im-
portance of optimizing intercompartment distance for effec-
tive paracrine signaling, as the model showed improved behav-
ior in constructs while maintaining a shorter distance between
layers.[151]

Furthermore, 3D bioprinting is also compatible with some of
the other techniques, providing opportunities to develop tech-
nologies further, i.e., 3D bioprinted constructs coupled with
microfluidics chips and flow-based bioreactors. This provides
the possibility of coupling a 3D complex, spatially defined, re-
producible structure with automated culture systems in which
chemical gradients and different culture conditions can be gen-
erated. For example, by incorporating 3D bioprinted constructs,
microfluidics systems can be used to engineer systems closely
mimicking native tissues, by providing control over dynamic
culture conditions both in terms of chemical cues or by gen-
erating stresses that emulate mechanical cues, such as respi-
ration or blood flow. Several of these systems could also be
combined, just as in microfluidics, to obtain a higher-scale
representation of the chosen tissues or organs, i.e., combin-
ing a gut construct in a particular chip or bioreactor with a
brain construct in a different chip in order to study gut–brain
interactions.

3.3.1. Extrusion-Based Bioprinting

Extrusion-based modalities (Figure 5a) use a pneumatic or me-
chanical force to extrude the material through a nozzle, with
the ability to print continuous elements and higher cell densi-
ties compared to other modalities, and to print large cell confor-
mations such as spheroids. This is currently the most versatile
modality due to the control it offers over extrusion speed, pres-
sure (up to several 100 KPa), temperature, its ability to control
material deposition, scalability, and its capability to use different
types of bioinks. While it does allow for the printing of a wide
range of viscosities, from 30 mPa s−1 to 6 × 107 mPa s−1, the
resolution is typically lower than that of other modalities, usu-
ally in the order of 100 μm minimum. Generally, extrusion-based
bioprinters have a lower cost compared to other modalities such

as laser-assisted bioprinting, although some of these printers in-
tegrated with cell culture cabinets can have a significantly in-
creased price. Different hydrogels can also be combined in the
same construct simultaneously using different printheads some
of these printers have. Additionally, many extrusion-based bio-
printers also incorporate other thermoplastic or ceramic print-
heads allowing them to combine a wider set of materials within
the same construct. Printing pressures used in this modality can
impair cell viability as demonstrated by the reported values rang-
ing from 40% to 90%, depending on the printing conditions and
materials used. The kind of structures that can be printed is also
limited by the need to rely on extra support for hanging struc-
tures, despite this, extrusion-based bioprinting is a highly versa-
tile modality that has been used in a wide range of applications,
such as bone, cartilage, heart, or cancer[13] and 3D bioprinting
parameters.

Extrusion-based bioprinting was used to develop a 2 mm ×
2 mm cell-only construct including a stromal compartment en-
closing a cancer compartment. This model was used to under-
stand tumor–stroma interactions, while overcoming the simplic-
ity of some existing 2D models where the architecture and 3D
conformation of the biological system is not fully considered. An-
other tumor–stroma model was created enclosing a breast cancer
nodule inside a fibroblast/adipocyte/endothelial cell gel acting as
the stromal component. This system helped to enhance the un-
derstanding of the effect of several molecules in a context with
an increased similarity to the in vivo microenvironment.[171] The
interaction between breast cancer cells and the surrounding adi-
pose tissue was also studied in a model where a first breast cancer
compartment was enclosed by an adipocyte region. This model
showed an increased resistance when compared to cancer-only
models. The model replicated in vivo responses and provided a
system to better understand breast cancer biology.[172] Similarly, a
minibrain glioblastoma model, in which glioblastoma-associate
macrophages (GAM) enclosed a compartment of glioblastoma
(GBM) cells, was created. This model granted the possibility of
studying the close interaction between GAM–GBM. By using the
minibrains, the authors proved a crosstalk in which GBM recruits
and polarizes macrophages into GAM phenotypes in the pres-
ence of GBM, which induced progression and invasiveness of
GBM. They also showed how therapeutics can inhibit this inter-
action, leading to reduced tumor growth and increased sensitivity
to chemotherapy.[31]

3.3.2. Inkjet Bioprinting

Inkjet bioprinting (Figure 5c) was the first additive manufactur-
ing modality developed by modifying commercial inkjet printers
to include a chamber and elevator in the z-axis. It uses piezo-
electric, thermal, acoustic, or electrostatic actuators to create
the droplets and deposits them upon the collecting surface.
This modality is very efficient, has a high throughput and is
capable of generating low size droplets with a resolution of below
10 μm (minimum print size). However, the level of the accuracy
droplet deposition has proven a challenge, making it difficult
to create large scale constructs. Inkjet bioprinting is only able
to work with low density bioinks below 106 cells mL−1 and very
low printing viscosities, ≈3, 5, to 12 mPa s−1. In addition, cell
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viability can be affected by frequencies employed by piezo-
electrics or high temperatures used by thermal actuators, staying
usually ≈85%.[160,173–175] This modality is not only scalable, but
also has a lower price to that of other type of printers, in fact,
several systems that were used at the beginning of bioprinting
studies were adapted using cheap conventional ink printers.

Inkjet bioprinting was used to fabricate several multicompart-
ment, vertically layered constructs. In a first example, a trilayer
construct was fabricated by printing a first layer of endothelial
cells to which subsequent layers of fibroblasts and alveolar cells
(type I and II) were added. All layers were made of cell-laden
collagen bioinks and between each layer, the constructs were in-
cubated for 24 h. The model exhibited not only viability of over
90% after 7 days, but also showed closer biomimicry of lung
tissue structure and function than conventional non-structured
constructs. In particular, the trilayer model displayed higher bar-
rier integrity and intercellular junction protein and gene expres-
sion. However, the construct did not consider other cues present
in bone such as cyclic mechanical cues associated with aspira-
tion or the presence of an air-alveolar layer interphase which
is present in lung alveoli. Another layered model using MSCs
was engineered by printing alternating layers of peg-based gels
in which one of the layer types was functionalized with a hep-
arin region. This printing method had a resolution of 50 μm and
allowed for mechanical tailoring of different regions within the
construct. Additional inclusion of platelet derived growth factor
(PDGF) to the heparin containing layers promoted MSC migra-
tion from the non-PDGF layer toward the growth factor including
layer. Although the model does not focus on a particular disease,
it provides a platform in which migration or guided morphogen-
esis can be studied.

3.3.3. Laser-Assisted Bioprinting

Laser-induced inkjet printing (Figure 5b) creates droplets by ap-
plying a focused laser beam onto a laser energy-absorbing ma-
terial donor layer, which combines the donor material and the
metallic ribbon structure, resulting in droplets being created on a
receiving substrate. This happens because the high pressure gen-
erated by the laser upon contacting the metallic ribbon present in
the donor layer produces a bubble at the bioink that then drops
onto the receiving substrate. The range of supported viscosities is
below 300 mPa s−1 and the cell densities that can be worked with
is below 108 cells mL−1, although it provides high cell viability,
often over 95%. This technique, due to its nonreliance on a noz-
zle, can use a wide set of cell-free and cell-laden materials includ-
ing ceramics and hydrogels as bioprinting material. Despite the
wide range in resolution (pico- to microscales) compared to other
modalities, the cost is the highest of all modalities, the through-
put is smaller, scalability is lower, and the process of producing
the donor layer is costly and time consuming.[179–183]

Using laser-assisted bioprinting, multicompartments were
achieved by patterning different materials containing different
properties and cell types both horizontally and vertically. For in-
stance, a 500 μm thick multicellular skin construct, mimicking
the dermis and epidermis, was fabricated by printing a first com-
partment (consisting of 20 layers) that contained a fibroblast-
laden collagen gel, which was followed by a second compart-

ment (of another 20 layers) made up from a keratinocyte-laden
collagen gel. Cells within each compartment stayed contained,
formed both adherens and gap junctions and a basal lamina be-
tween dermis and epidermis, following native skin morphogen-
esis. This type of approach demonstrates the future potential for
an in situ skin graft fabrication therapy for patients where large,
deep skin defects have occurred. Similarly, a construct made up
of 20 layers of keratinocyte-laden collagen gel followed by 20 lay-
ers of fibroblast-laden gel was found to form a tissue comprised
of collagen producing fibroblasts. Another example used differ-
ent grid structured compartments of MSCs and HUVECs that
allowed control over the distance between MSC and HUVEC
regions. The construct displayed vessel formation in alignment
with the grid, with high HUVEC interconnectivity, whereas no
vascular structure was found in randomly seeded monocompart-
ment constructs.

3.3.4. Stereolithography Bioprinting

In stereolithography (SL) (Figure 5d), light-mediated polymeriza-
tion builds the 3D object by selectively polymerizing specific re-
gions in each layer inside a pool of materials. It is, therefore,
limited to bioinks that consist of photoactivated polymers. This
is different to the extrusion-based modalities as it permits the
production of hanging structures without the need of any ad-
ditional support, making it ideal in producing a wide range of
tissue mimetic scaffolds that recapitulate hollow cavities and
channels.[168] However, the viability can be greatly affected by
the amount of photoinitiator or the hydrogel properties needed
for it to work with enough consistency and precision, although
in recent works researchers have managed to maintain viability
≈85%.[184] SL bioprinting overcomes the nozzle-clogging issue by
acting directly onto a layer of material, with no restrictions over
the viscosity of the material. Despite this, maximum cell densi-
ties lie ≈106 cells mL−1 due to the impediment of appropriate
crosslinking with higher numbers of cells. An additional disad-
vantage of this modality is the exposure to ultraviolet (UV) rays
required to crosslink the bioinks, which has been shown to pro-
duce deoxyribonuclic acid (DNA) damage resulting in long-term
effects that might affect the end results of constructs and mod-
els. In addition to these main bioprinting modalities, although
still in a more infant state than the abovementioned, volumetric
bioprinting uses a combination of SLB and computer tomogra-
phy framework. This modality works by irradiating light into a
photocurable hydrogel 360° around the vertical axis. This allows
for the synthesis of highly complex 3D models with challenging
hanging structures to be printed in under 1 min, which is im-
pressive considering that other modalities take much longer than
this, sometimes even lacking the ability to fabricate the design at
all.[185,186]

Some recent works used stereolithography-based bioprinting
to produce several cavity/channel based architectures. For ex-
ample, an intravascular alveolar construct was made by creat-
ing concave and convex regioned structures resembling air sacs
with interconnecting airways and vascular channels to form a
branched alveolar-vascular network. The construct formed a ven-
tilated structure in which enhanced blood mixing, flow bidirec-
tionality, and surrounding blood oxygenation was observed.
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4. Bioprinting Highlights

Despite all the major developments that have been described al-
ready in this review, it is worth highlighting a few key pieces of
research that offer promising innovations in biomimetic archi-
tectures for the future of multicompartment construct manufac-
turing using 3D bioprinting. These examples do not necessarily
account for the most complex models in terms of compartmen-
talization, but they instead constitute three major advancements
that have occurred in the field in recent years which serve as inspi-
ration to develop better and more accurate biological models, in
vitro tools and implants following a compartmentalization frame-
work.

The first example, corresponding to work done by Lee et al.,
uses techniques that have been available for a longer time, il-
lustrating how ingenuity and clever engineering with available
tools result in world-class breakthroughs. In this work, a set of
shell-filling bioinks were used to accurately reproduce a full-size
heart, consisting not only of all the cavities but also complex vas-
cular trees throughout the surrounding walls. Even though this
work did not support the creation of a fully functional construct,
its ability to produce functioning heart valves or ventricle models
that mirrored contractability of the heart-like tissue offers great
promise.[187] Similarly, Noor et al. were able to print thick perfus-
able cardiac patches with compartments containing both cardiac
tissue and vascular structures. They did this by printing within a
support bath (FRESH) that prevented the material from leaking
laterally while at the same time providing a support for cavities
and hanging structures, while simultaneously crosslinking the
printed construct. Following this approach, they were able to not
only produce vascularized cardiac constructs of different vascular
formations within the heart, like straight vessels or bifurcations,
but also print a heart the size of a chicken’s heart that contained
two separated cavities, mimicking the ventricles with a vascular
structure running through it (Figure 6).[188]

However, reproducing an organ is not necessarily limited to
fabricating a full-size structure but rather the ability to fabri-
cate small building blocks that, once placed together, can dis-
play the function of the whole organ one aims to replicate, e.g.,
nephron building blocks that could show the function of a kid-
ney. Following this rationale, Lewis and co-workers were able to
manufacture vascularized high-cell density organ building blocks
(OBBs). These OBBs were obtained using gelatin-based sacrifi-
cial inks (that would dissolve in culture conditions) to create vas-
cular channels within cell/spheroid-only constructs. It is impor-
tant to realize that before full organ engineering is achievable, it
is possible that function may be emulated via coupling of func-
tional building blocks. In the future a higher order architecture
may arise from this coupling and organs may be formed.[189,190]

The newest bioprinting technology which uses selective UV
shining for crosslinking specific areas of hydrogel solutions, was
developed in this work. Although biocompatible hydrogels were
used, advancements need to be done in order to use this tech-
nique with living cells and to further be able to create compart-
ments within them, other than cavities or vascular structures.
With the name “SLATE,” stereolithography apparatus for tissue
engineering, Grigoryan et al. developed a stereolithography plat-
form to generate a highly intricate set of toroid structures. These
SLATE were ultimately used as models of pulmonary alveoli

in which air-cavities surrounded by vascular networks provided
the media to hypothetically transport oxygenated blood into the
system. After considering the limitations of current compatible
bioinks, they also produced a pancreatic construct with a base
containing a set of channels imitating vascular structures. This
was supported by a functional pancreatic hydrogel printed via tra-
ditional bioprinting principles to offer better biocompatibility to
the structure.[168] In some recent work following a similar ap-
proach, researchers were able to produce perfusable constructs
that matched the architecture and mechanical properties of vari-
ous organs present in the human body.[191]

5. Conclusions

Researchers have been trying to mimic and engineer tissues and
organs for decades now, both with implantable and modeling
purposes in mind. However, while major advances have been
made in the field, some challenges remain unsolved. The main
challenge, in our opinion, which we have discussed throughout
this review, is the degree of resemblance between engineered and
native tissues. This is due to the inherent heterogeneity tissues
display, which may have been overlooked so far. However, repli-
cating this heterogeneity in engineered tissues is key to model
both complex but also more simple compatible tissues.

Multicompartment models could provide an effective scenario
whereby using various approaches and technologies, tissue het-
erogeneity can be mimicked. Similarly, the “multicompartment
prism” phenomenon in tissue engineering has proved to be help-
ful in designing models and construct layouts that better mimic
tissues. These different compartments are essential in obtaining
a more complete picture of the different parts interacting on a
certain biological system. Given the myriad of possibilities bio-
materials provide, native tissue physicochemical properties can
be matched.

The complexity of these multicompartment models, can vary
dramatically from distinctive and separated layers of several cell
types, to 3D bioprinted structures that possess both the closely
matched architecture, cellular composition, and ECM composi-
tion of native tissues. However, even more simple 2D multicom-
partment models could overcome oversimplistic homogeneous
models.

This review also offered evidence to suggest that while mi-
cropatterning and microfluidics technologies facilitate multi-
compartment constructs, they rarely involve 3D scenarios to pro-
vide the cells with the cues present in the ECM. When they do,
however, the structural complexity of the engineered tissues and
models are usually limited in size and application, being more
suited for in vitro models than, for instance, implantable pur-
poses.

3D bioprinting, despite being in a very early development
stage, can overcome all those challenges and limitations, permit-
ting the obtention of structures of different configurations, even
with conflictive features such as perfusable channels or cavities.
Moreover, 3D bioprinting could also be paired with technolo-
gies such as microfluidics or perfused systems to receive bene-
fits from the perfusable features it provides while offering better
structural mimicking of native tissues. In fact, vascularization,
and in general, the presence of channels within engineered tissue
constructs remains one of the main challenges to tackle to bridge
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Figure 6. Multicompartment printing of the human brain. a) Cross-section top view of an endothelial cell vessel (CD31; green) surrounded by fibroblasts
(red) within cardiac tissue compartment with cardiomyocytes (actinin; pink). b) Diagram showing bifurcating blood vessel within engineered cardiac
tissue (coordinates in mm), and c) the lumens sections of each indicated region of the printed construct. d) Human heart CAD model showing cardiac
muscle (gray) and vessel (green) regions. e) A printed heart within a support bath. f) Obtained printed heart after removing of support bath, with left
and right ventricles injected with red and blue dyes to demonstrate separated hollow chambers. g) 3D confocal image of the printed human heart (car-
diomyocytes in pink, endothelial cells in orange). h) Immunostained cross-sections of the printed heart showing cardiac (actinin; green) and endothelial
compartment (red). Scale bars: (a,c,g,h)= 1 mm, (e)= 0.5 cm, (f)= 50 μm. Adapted with permission under the terms of the CC-BY license.[188] Copyright
2019, the Authors. Published by Wiley-VCH GmbH.

the gap between native and engineered tissue architecture. This
is due to the many roles vessels and the different channels have
in tissues and organs, from keeping the balance of certain chem-
icals, to the supply of blood, oxygen, and other essential metabo-
lites to the different cells within the body. The size limit, fabrica-
tion speed, and architectural limitations are readily being pushed
forward collectively by the academic and industrial community
due to the potential it holds. Perhaps in a couple of decades we
will be able to see 3D bioprinted constructs that emulate native
complex organs both in shape and function.

In the upcoming future, we think the field will progress
in three main directions. The first, to establish and engineer

new manufacturing technologies that will offer more control
and range in terms of achievable architectures of the produced
constructs. The second, the development of novel biomateri-
als that will be more tailorable, with a more defined chem-
istry and composition, and that would also allow for higher
control over the physicochemical and cell instructive cues they
can provide over time. Finally, we see the field focusing on
putting together the first two directions, creating a new genera-
tion of constructs that include the fabrication of not only architec-
ture/structure mimicking constructs, but also the ability to reca-
pitulate the functionality of the given tissue or organ on a bigger
scale.
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J. Funct. Biomater. 2020, 11, 74.

[93] L. Medvecky, M. Giretova, R. Stulajterova, L. Luptakova, T. Sopcak,
V. Girman, J. Biomed. Mater. Res., Part B 2022, 110, 668.

[94] A. Lavrentieva, T. Fleischhammer, A. Enders, H. Pirmahboub, J. Bah-
nemann, I. Pepelanova, Macromol. Biosci. 2020, 20, 2000107.

[95] J. Comelles, V. Fernández-Majada, N. Berlanga-Navarro, V. Acevedo,
K. Paszkowska, E. Martínez, Biofabrication 2020, 12, 025023.

[96] Z. Zhuang, Y. Zhang, S. Sun, Q. Li, K. Chen, C. An, L. Wang, J. J. J. P.
van den Beucken, H. Wang, ACS Biomater. Sci. Eng. 2020, 6, 3091.

[97] R. Oftadeh, M. Perez-Viloria, J. C. Villa-Camacho, A. Vaziri, A. Nazar-
ian, J. Biomech. Eng. 2015, 137, 0108021.

[98] K. Zhang, Q. Fu, J. Yoo, X. Chen, P. Chandra, X. Mo, L. Song, A. Atala,
W. Zhao, Acta Biomater. 2017, 50, 154.

[99] T. K. Merceron, M. Burt, Y. J. Seol, H. W. Kang, S. J. Lee, J. J. Yoo, A.
Atala, Biofabrication 2015, 7, 035003.

[100] R. Gottardi, A. Pirosa, P. G. Alexander, P. A. Manner, D. Puppi, F.
Chiellini, R. S. Tuan, Trans. Annu. Meet. - Orthop. Res. Soc. 2016, 4,
2203.

[101] E. de Giglio, M. A. Bonifacio, A. M. Ferreira, S. Cometa, Z. Y. Ti, A.
Stanzione, K. Dalgarno, P. Gentile, Sci. Rep. 2018, 8, 15130.

[102] F. Pati, J. Jang, D. H. Ha, S. Won Kim, J. W. Rhie, J. H. Shim, D. H.
Kim, D. W. Cho, Nat. Commun. 2014, 5, 3935.

[103] F. Wagner, B. M. Holzapfel, J. A. McGovern, A. Shafiee, J. G. Baldwin,
L. C. Martine, C. A. Lahr, F. M. Wunner, T. Friis, O. Bas, M. Boxberg,
P. M. Prodinger, A. Shokoohmand, D. Moi, R. Mazzieri, D. Loessner,
D. W. Hutmacher, Biomaterials 2018, 171, 230.

[104] W. Lee, J. Park, Adv. Mater. 2012, 24, 5339.
[105] J. H. Lee, K. L. Ho, S. K. Fan, J. Biomed. Sci. 2019, 26, 88.
[106] S. R. Khetani, S. N. Bhatia, Nat. Biotechnol. 2008, 26, 120.
[107] S. Sugiura1, J. M. Cha, F. Yanagawa, P. Zorlutuna, H. Bae, A.

Khademhosseini, J. Tissue Eng. Regener. Med. 2013, 12, 181.
[108] B. R. Ware, M. J. Durham, C. P. Monckton, S. R. Khetani, Cell Mol.

Gastroenterol. Hepatol. 2018, 5, 187.
[109] G. H. Underhill, S. R. Khetani, Cell Mol. Gastroenterol. Hepatol. 2018,

5, 426.
[110] M. D. Davidson, D. A. Kukla, S. R. Khetani, Integr. Biol. 2017, 9, 662.
[111] Y. Liu, T. Xia, J. Wei, Q. Liu, X. Li, Nanoscale 2017, 9, 4950.
[112] H. Yamazoe, T. Ichikawa, Y. Hagihara, Y. Iwasaki, Acta Biomater.

2016, 31, 231.
[113] Y. Liu, L. Zhang, J. Wei, S. Yan, J. Yu, X. Li, J. Mater. Chem. B 2014, 2,

3029.

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (21 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202110 by N
H

S E
ducation for Scotland N

E
S, E

dinburgh C
entral O

ffice, W
iley O

nline L
ibrary on [20/07/2023]. 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



www.advancedsciencenews.com www.advhealthmat.de

[114] X. Ma, X. Qu, W. Zhu, Y. S. Li, S. Yuan, H. Zhang, J. Liu, P. Wang, C.
S. E. Lai, F. Zanella, G.-S. Feng, F. Sheikh, S. Chien, S. Chen, Proc.
Natl. Acad. Sci. USA 2016, 113, 2206.

[115] W. Lee, N.-J. Cho, A. Xiong, J. S. Glenn, C. W. Frank, Proc. Natl. Acad.
Sci. USA 2010, 107, 20709.

[116] N. Convery, N. Gadegaard, Micro Nano Eng. 2019, 2, 76.
[117] N. Venugopal Menon, S. bin Lim, C. T. Lim, Curr. Opin. Pharmacol.

2019, 48, 155.
[118] X. Zhao, X. Q. Chen, E. Han, Y. Hu, P. Paik, Z. Ding, J. Overman, A.

L. Lau, S. H. Shahmoradian, W. Chiu, L. M. Thompson, C. Wu, W. C.
Mobley, Proc. Natl. Acad. Sci. USA 2016, 113, 5655.

[119] H. F. Tsai, A. Trubelja, A. Q. Shen, G. Bao, J. R. Soc. Interface 2017,
14, 20170137.

[120] Y. Choi, E. Hyun, J. Seo, C. Blundell, H. C. Kim, E. Lee, S. H. Lee, A.
Moon, W. K. Moon, D. Huh, Lab Chip 2015, 15, 3350.

[121] V. S. Shirure, Y. Bi, M. B. Curtis, A. Lezia, M. M. Goedegebuure, S.
P. Goedegebuure, R. Aft, R. C. Fields, S. C. George, Lab Chip 2018,
18, 3687.

[122] M. R. Carvalho, D. Barata, L. M. Teixeira, S. Giselbrecht, R. L. Reis,
J. M. Oliveira, R. Truckenmüller, P. Habibovic, Sci. Adv. 2019, 5,
eaaw1317.

[123] K.-J. Jang, M. A. Otieno, J. Ronxhi, H.-K. Lim, L. Ewart, K. R. Kodella,
D. B. Petropolis, G. Kulkarni, J. E. Rubins, D. Conegliano, J. Nawroth,
D. Simic, W. Lam, M. Singer, E. Barale, B. Singh, M. Sonee, A. J.
Streeter, C. Manthey, B. Jones, A. Srivastava, L. C. Andersson, D.
Williams, H. Park, R. Barrile, J. Sliz, A. Herland, S. Haney, K. Karalis,
D. E. Ingber, Sci. Transl. Med. 2019, 11, 5516.

[124] N. V. Menon, H. M. Tay, S. N. Wee, K. H. H. Li, H. W. Hou, Lab Chip
2017, 17, 2960.

[125] Y. Zhang, Z. Gazit, G. Pelled, D. Gazit, G. Vunjak-Novakovic, Integr.
Biol. 2011, 3, 39.

[126] D. Huh, Science 2010, 328, 1662.
[127] A. O. Stucki, J. D. Stucki, S. R. R. Hall, M. Felder, Y. Mermoud, R. A.

Schmid, T. Geiser, O. T. Guenat, Lab Chip 2015, 15, 1302.
[128] H. J. Kim, D. Huh, G. Hamilton, D. E. Ingber, Lab Chip 2012, 12,

2165.
[129] Y. Zheng, Y. Sun, X. Yu, Y. Shao, P. Zhang, G. Dai, J. Fu, Adv. Health-

care Mater. 2016, 5, 1014.
[130] H. Xu, Z. Li, Y. Yu, S. Sizdahkhani, W. S. Ho, F. Yin, L. Wang, G. Zhu,

M. Zhang, L. Jiang, Z. Zhuang, J. Qin, Sci. Rep. 2016, 6, 36670.
[131] S. Somin, M. Chung, S.-R. Lee, L.-j. Noo, Biotechnol. Bioeng. 2019,

117, 748.
[132] D.-H. T. Nguyen, E. Lee, S. Alimperti, R. J. Norgard, A. Wong, J. June-

Koo Lee, J. Eyckmans, B. Z. Stanger, C. S. Chen, Sci. Adv. 2019, 5,
6789.

[133] C. Ma, L. Zhao, E. M. Zhou, J. Xu, S. Shen, J. Wang, Anal. Chem.
2016, 88, 1719.

[134] T. Osawa, W. Wang, J. Dai, E. T. Keller, Sci. Rep. 2019, 9, 14979.
[135] M. Weinhart, A. Hocke, S. Hippenstiel, J. Kurreck, S. Hedtrich, Phar-

macol. Res. 2019, 139, 446.
[136] C. Ma, Y. Peng, H. Li, W. Chen, Trends Pharmacol. Sci. 2021, 42, 119.
[137] A. Herland, B. M. Maoz, D. Das, M. R. Somayaji, R. Prantil-Baun, R.

Novak, M. Cronce, T. Huffstater, S. S. F. Jeanty, M. Ingram, A. Chalki-
adaki, D. B. Chou, S. Marquez, A. Delahanty, S. Jalili-Firoozinezhad,
Y. Milton, A. Sontheimer-Phelps, B. Swenor, O. Levy, K. K. Parker, A.
Przekwas, D. E. Ingber, Nat. Biomed. Eng. 2020, 4, 421.

[138] Y. S. Zhang, J. Aleman, S. R. Shin, T. Kilic, D. Kim, S. A. M. Shaegh, S.
Massa, R. Riahi, S. Chae, N. Hu, H. Avci, W. Zhang, A. Silvestri, A. S.
Nezhad, A. Manbohi, F. D. Ferrari, A. Polini, G. Calzone, N. Shaikh,
P. Alerasool, E. Budina, J. Kang, N. Bhise, J. Ribas, A. Pourmand, A.
Skardal, T. Shupe, C. E. Bishop, M. R. Dokmeci, A. Atala, et al., Proc.
Natl. Acad. Sci. USA 2017, 114, 2293.

[139] L. Vernetti, A. Gough, N. Baetz, S. Blutt, J. R. Broughman, J. A.
Brown, J. Foulke-Abel, N. Hasan, J. In, E. Kelly, O. Kovbasnjuk,

J. Repper, N. Senutovitch, J. Stabb, C. Yeung, N. C. Zachos, M.
Donowitz, M. Estes, J. Himmelfarb, G. Truskey, J. P. Wikswo, D. L.
Taylor, Sci. Rep. 2017, 7, 44517.

[140] M. B. Esch, G. J. Mahler, T. Stokol, M. L. Shuler, Lab Chip 2014, 14,
3081.

[141] S. v. Murphy, A. Atala, Nat. Biotechnol. 2014, 32, 773.
[142] S. v. Murphy, P. de Coppi, A. Atala, Nat. Biomed. Eng. 2020, 4, 370.
[143] W. Peng, P. Datta, B. Ayan, V. Ozbolat, D. Sosnoski, I. T. Ozbolat,

Acta Biomater. 2017, 57, 26.
[144] W. Sun, B. Starly, A. C. Daly, J. A. Burdick, J. Groll, G. Skeldon,

W. Shu, Y. Sakai, M. Shinohara, M. Nishikawa, J. Jang, D.-W. Cho,
M. Nie, S. Takeuchi, S. Ostrovidov, A. Khademhosseini, R. D.
Kamm, V. Mironov, L. Moroni, I. T. Ozbolat, Biofabrication 2020, 12,
022002.

[145] N. Ashammakhi, S. Ahadian, C. Xu, H. Montazerian, H. Ko, R.
Nasiri, N. Barros, A. Khademhosseini, Mater. Today Bio 2019, 1,
100008.

[146] Y. S. Zhang, K. Yue, J. Aleman, K. Mollazadeh-Moghaddam, S. M.
Bakht, J. Yang, W. Jia, V. Dell’Erba, P. Assawes, S. R. Shin, M. R.
Dokmeci, R. Oklu, A. Khademhosseini, Ann. Biomed. Eng. 2017, 45,
148.

[147] H. N. Chia, B. M. Wu, J. Biol. Eng. 2015, 9, 4.
[148] P. S. Gungor-Ozkerim, I. Inci, Y. S. Zhang, A. Khademhosseini, M.

R. Dokmeci, Biomater. Sci. 2018, 6, 915.
[149] N. Noor, A. Shapira, R. Edri, I. Gal, L. Wertheim, T. Dvir, Adv. Sci.

2019, 6, 1900344.
[150] B. Duan, L. A. Hockaday, K. H. Kang, J. T. Butcher, J. Biomed. Mater

Res., Part A 2013, 101A, 1255.
[151] F. Maiullari, M. Costantini, M. Milan, V. Pace, M. Chirivì, S. Maiullari,

A. Rainer, D. Baci, H. E. S. Marei, D. Seliktar, C. Gargioli, C. Bearzi,
R. Rizzi, Sci. Rep. 2018, 8, 13532.

[152] B. Duan, L. A. Hockaday, K. H. Kang, J. Biomed. Mater Res., Part A
2013, 101, 1255.

[153] E. M. Langer, B. L. Allen-Petersen, S. M. King, N. D. Kendsersky, M.
A. Turnidge, G. M. Kuziel, R. Riggers, R. Samatham, T. S. Amery, S.
L. Jacques, B. C. Sheppard, J. E. Korkola, J. L. Muschler, G. Thibault,
Y. H. Chang, J. W. Gray, S. C. Presnell, D. G. Nguyen, R. C. Sears,
Cell Rep. 2019, 26, 608.

[154] Y. S. Zhang, F. Davoudi, P. Walch, A. Manbachi, X. Luo, V. Dell’Erba,
A. K. Miri, H. Albadawi, A. Arneri, X. Li, X. Wang, M. R. Dokmeci, A.
Khademhosseini, R. Oklu, Lab Chip 2016, 16, 4097.

[155] D. Kang, J. A. Park, W. Kim, S. Kim, H. R. Lee, W. J. Kim, J. Y. Yoo, S.
Jung, Adv. Sci. 2021, 8, 2004990.

[156] S. Laternser, H. Keller, O. Leupin, M. Rausch, U. Graf-Hausner, M.
Rimann, SLAS Technol. 2018, 23, 599.

[157] R. Zimmermann, C. Hentschel, F. Schrön, D. Moedder, T. Büttner,
P. Atallah, T. Wegener, T. Gehring, S. Howitz, U. Freudenberg, C.
Werner, Biofabrication 2019, 11, 045008.

[158] T. Xu, K. W. Binder, M. Z. Albanna, D. Dice, W. Zhao, J. J. Yoo, A.
Atala, Biofabrication 2013, 5, 015001.

[159] X. Cui, K. Breitenkamp, M. G. Finn, M. Lotz, D. D. D’Lima, Tissue
Eng., Part A 2012, 18, 1304.

[160] G. Gao, A. F. Schilling, T. Yonezawa, J. Wang, G. Dai, X. Cui, Biotech-
nol. J. 2014, 9, 1304.

[161] L. Koch, A. Deiwick, S. Schlie, S. Michael, M. Gruene, V. Coger, D. Zy-
chlinski, A. Schambach, K. Reimers, P. M. Vogt, B. Chichkov, Biotech-
nol. Bioeng. 2012, 109, 1855.

[162] R. Gaebel, N. Ma, J. Liu, J. Guan, L. Koch, C. Klopsch, M. Gruene, A.
Toelk, W. Wang, P. Mark, F. Wang, B. Chichkov, W. Li, G. Steinhoff,
Biomaterials 2011, 32, 9218.

[163] S. Michael, H. Sorg, C. T. Peck, L. Koch, A. Deiwick, B. Chichkov, P.
M. Vogt, K. Reimers, PLoS One 2013, 8, 57741.

[164] A. Sorkio, L. Koch, L. Koivusalo, A. Deiwick, S. Miettinen, B.
Chichkov, H. Skottman, Biomaterials 2018, 171, 57.

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (22 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202110 by N
H

S E
ducation for Scotland N

E
S, E

dinburgh C
entral O

ffice, W
iley O

nline L
ibrary on [20/07/2023]. 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



www.advancedsciencenews.com www.advhealthmat.de

[165] D. Hakobyan, C. Médina, N. Dusserre, M. L. Stachowicz, C. Hand-
schin, J. C. Fricain, J. Guillermet-Guibert, H. Oliveira, Biofabrication
2020, 12, 049501.

[166] R. Raman, B. Bhaduri, M. Mir, A. Shkumatov, M. K. Lee, G. Popescu,
H. Kong, R. Bashir, Adv. Healthcare Mater. 2016, 5, 610.

[167] H. Lin, D. Zhang, P. G. Alexander, G. Yang, J. Tan, A. W. M. Cheng,
R. S. Tuan, Biomaterials 2013, 34, 331.

[168] B. Grigoryan, S. J. Paulsen, D. C. Corbett, D. W. Sazer, C. L. Fortin,
A. J. Zaita, P. T. Greenfield, N. J. Calafat, J. P. Gounley, A. H. Ta, F.
Johansson, A. Randles, J. E. Rosenkrantz, J. D. Louis-Rosenberg, P.
A. Galie, K. R. Stevens, J. S. Miller, Science 2019, 364, 458.

[169] A. P. Zhang, X. Qu, P. Soman, K. C. Hribar, J. W. Lee, S. Chen, S. He,
Adv. Mater. 2012, 24, 4266.

[170] R. Gauvin, Y.-C. Chen, J. W. Lee, P. Soman, P. Zorlutuna, J. W.
Nichol, H. Bae, S. Chen, A. Khademhosseini, Biomaterials 2012, 33,
3824.

[171] S. M. King, V. Gorgen, S. C. Presnell, D. G. Nguyen, B. R. Shepherd,
N. Ridge, S. Diego, 2013, 6275.

[172] Y. Wang, W. Shi, M. Kuss, S. Mirza, D. Qi, A. Krasnoslobodtsev, J.
Zeng, H. Band, V. Band, B. Duan, ACS Biomater. Sci. Eng. 2018, 4,
4401.

[173] T. Xu, W. Zhao, J. M. Zhu, M. Z. Albanna, J. J. Yoo, A. Atala, Bioma-
terials 2013, 34, 130.

[174] P. Ihalainen, A. Määttänen, N. Sandler, Int. J. Pharm. 2015, 494, 585.
[175] X. Cui, D. Dean, Z. M. Ruggeri, T. Boland, Biotechnol. Bioeng. 2010,

106, 963.
[176] O. Kérourédan, J. M. Bourget, M. Rémy, S. Crauste-Manciet, J.

Kalisky, S. Catros, N. B. Thébaud, R. Devillard, J. Mater Sci. Mater.
Med. 2019, 30, 28.

[177] M. Matsusaki, K. Sakaue, K. Kadowaki, M. Akashi, Adv. Healthcare
Mater. 2013, 2, 534.

[178] J. A. Park, S. Yoon, J. Kwon, H. Now, Y. K. Kim, W. J. Kim, J. Y. Yoo,
S. Jung, Sci. Rep. 2017, 7, 14610.

[179] S. Jana, A. Lerman, Biotechnol. Adv. 2015, 33, 1503.
[180] W. Zhu, X. Ma, M. Gou, D. Mei, K. Zhang, S. Chen, Curr. Opin.

Biotechnol. 2016, 40, 103.
[181] R. Xiong, Z. Zhang, Y. Huang, J. Manuf. Process. 2015, 20, 450.
[182] X. Cui, T. Boland, D. D. D’Lima, M. K. Lotz, Recent Pat. Drug Delivery

Formulation 2012, 6, 149.
[183] L. Koch, M. Gruene, C. Unger, B. Chichkov, Curr. Pharm. Biotechnol.

2013, 14, 91.
[184] Q. Dasgupta, L. D. Black, Science 2019, 365, 446.
[185] B. E. Kelly, I. Bhattacharya, H. Heidari, M. Shusteff, C. M. Spadac-

cini, H. K. Taylor, Science 2019, 363, 1075.
[186] D. Loterie, P. Delrot, C. Moser, Nat. Commun. 2020, 11, 852.
[187] A. Lee, A. R. Hudson, D. J. Shiwarski, J. W. Tashman, T. J. Hinton, S.

Yerneni, J. M. Bliley, P. G. Campbell, A. W. Feinberg, 3D Bioprinting
of Collagen to Rebuild Components of the Human Heart.

[188] N. Noor, A. Shapira, R. Edri, I. Gal, L. Wertheim, T. Dvir, Adv. Sci.
2019, 6, 1900344.

[189] K. J. Wolf, J. D. Weiss, S. G. M. Uzel, M. A. Skylar-Scott, J. A. Lewis,
Cell Stem Cell 2022, 29, 667.

[190] M. A. Skylar-Scott, S. G. M. Uzel, L. L. Nam, J. H. Ahrens, R. L. Truby,
S. Damaraju, J. A. Lewis, Sci. Adv. 2019, 5, 2459.

[191] M. Wang, W. Li, J. Hao, A. Gonzales, Z. Zhao, R. S. Flores, X. Kuang,
X. Mu, T. Ching, G. Tang, Z. Luo, C. E. Garciamendez-Mijares, J. K.
Sahoo, M. F. Wells, G. Niu, P. Agrawal, A. Quiñones-Hinojosa, K.
Eggan, Y. S. Zhang, Nat. Commun. 2022, 13, 3317.

Alvaro Sanchez-Rubio is a research assistant in the Centre for the Cellular Microenvironment at the
University of Glasgow. Alvaro holds a Bachelor’s degree in biomedical engineering from Pompeu
Fabra University, in Barcelona. He then moved to Glasgow to pursue a Ph.D. in biomedical engineer-
ing, in which he developed bioinks and bioprinted models to emulate different tissues. His research
interests include biomaterial development, biofabrication, and tissue engineering.

Vineetha Jayawarna is a research associate in the Centre for the Cellular Microenvironment (CeMi) at
the University of Glasgow. After her Master’s degree at Sri Jayawardanapura University, Sri Lanka, she
earned a Ph.D. in biomaterials at the University of Manchester. Vineetha currently works on material-
based strategies to engineer tissue repair and regeneration, including the development of bioprinted
polymeric 3D scaffolds for bone regeneration.

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (23 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202110 by N
H

S E
ducation for Scotland N

E
S, E

dinburgh C
entral O

ffice, W
iley O

nline L
ibrary on [20/07/2023]. 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



www.advancedsciencenews.com www.advhealthmat.de

Emily Maxwell is an undergraduate Master’s student in the Centre for the Cellular-Microenvironment
at the University of Glasgow. Emily is completing her integrated M.Eng degree in biomedical engi-
neering from the University of Glasgow, in which she has developed her knowledge in the tissue engi-
neering and 3D bioprinting field. She is interested in how biomaterials, in particular hydrogels, can be
designed and fabricated in regenerative medicine.

Matthew Dalby is professor of cell engineering at the University of Glasgow. After a Ph.D. in biomedi-
cal materials at Queen Mary, University of London, he moved to Glasgow to explore the cell-nanoscale
interface. Then, as a BBSRC David Phillips Fellow, he started to explore the nanoscale interactions of
mesenchymal stromal cells (MSCs) with nanoscale surfaces. Now, his focus is on understanding the
growth, stromal phenotype, and immunomodulatory phenotype of MSCs in response to materials as
well as using materials to study bioactive metabolites.

Manuel Salmeron-Sanchez is professor of biomedical engineering at the University of Glasgow. He en-
gineers materials that underpin in vitro models, control stem cell phenotypes, and enable understand-
ing of mechanotransduction in health and disease. He did a Ph.D. in Valencia and moved to Glasgow
ten years ago where he currently codirects the Centre for the Cellular Microenvironment (CeMi). He
develops fundamental concepts that underpin novel healthcare solutions.

Adv. Healthcare Mater. 2023, 12, 2202110 2202110 (24 of 24) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202110 by N
H

S E
ducation for Scotland N

E
S, E

dinburgh C
entral O

ffice, W
iley O

nline L
ibrary on [20/07/2023]. 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


