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ARTICLE INFO ABSTRACT

Keywords: Living microtissues are used in a multitude of applications as they more closely resemble native tissue physi-
Tiésue engir}eering ology, as compared to 2D cultures. Microtissues are typically composed of a combination of cells and materials in
Micromaterials varying combinations, which are dictated by the applications’ design requirements. Their applications range
Microfluidics ide. fi fund 1 biological h h diff - di ind ial licati h

Upscaling wide, from fundamental biological research such as differentiation studies to industrial applications such as

cruelty-free meat production. However, their translation to industrial and clinical settings has been hindered due
to the lack of scalability of microtissue production techniques. Continuous microfluidic processes provide an
opportunity to overcome this limitation as they offer higher throughput production rates as compared to
traditional batch techniques, while maintaining reproducible control over microtissue composition and size. In
this review, we provide a comprehensive overview of the current approaches to engineer microtissues with a
focus on the advantages of, and need for, the use of continuous processes to produce microtissues in large
quantities. Finally, an outlook is provided that outlines the required developments to enable large-scale

Clinical translation
Industrial translation

microtissue fabrication using continuous processes.

1. Introduction

The engineering of living tissues has widespread societal implica-
tions including fundamental biological research, animal-free cosmetical
and pharmacological screenings, cell-based therapies, and cruelty-free
meat production. To endow engineered tissues with improved func-
tions such as mechanical performance or biological responsiveness to
physiological stimuli, researchers have pioneered increasingly complex
design strategies over the years. Traditionally, engineered tissues were
designed in a top-down approach, by seeding cells onto scaffolds or by
encapsulating cells in hydrogels. Although great progress has been made
with the engineering of top-down designed tissues, these approaches
generally lack spatial and temporal control thereby, limiting their ability
to mimic the intricate microarchitecture and associated functions of
native tissues.

Bottom-up tissue designs have been developed to provide biological
and material inspired solutions to mimic the function of tissues at the
microscale by offering additional spatial control. These building blocks
are dubbed microtissues and are typically created in a size below the
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critical diffusion limit of nutrients, growth factors, and waste products.
By creating non-homogenous assemblies of microtissues, more complex
assemblies can be engineered, which include highly tailorable spatially
controlled microenvironmental cues that can steer cell fate and tissue
organization in a temporally predictable manner. Indeed, as native tis-
sues are inherently non-homogenous, (complex) microtissues represent
a prime candidate to recapitulate the body’s complexity.

Unleashing the clinical and industrial potential of microtissues is
currently hindered by the limited scalability of microtissues’ production
process. Target applications such as pharmacological screenings,
cruelty-free meat production, and cell-based therapeutical strategies
require large amounts of microtissues in order to be of clinical or in-
dustrial use. Hence, the present review provides a comprehensive
overview of the scalable fabrication, compartmentalization, and appli-
cations of living microtissues. Specifically, we advocate for the need of
scalability of production processes when considering specific areas of
application, and argue for the transition to continuous microfluidic
processes to realize large-scale applications. Finally, we address the
challenges and limitations that currently hinder the translation of state-
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of-the-art continuous microfluidic processes and aim to provide an
insightful perspective on the developments needed to move towards
translatable, scalable, microtissue fabrication strategies.

2. Building microtissues and traditional fabrication methods
2.1. From cells to microtissues

The fabrication of microtissues with well-defined microarchitectural
features acts as a corner-stone for modular tissue engineering. Micro-
tissues can be composed of specialized cells and materials, depending on
the application, and can be mixed in various combinations, for example
cell-material, multi-cell or cell-multi-material. By controlling the cell’s
microenvironment, cell-cell, cell-material contact and/or aggregation
can be steered and adapted to achieve the desired microtissue [1]. The
formation of microtissues can be generalized into three main stages; 1)
the selection of modular elementary units such as cells, micromaterials
or a combination of both; 2) microtissue formation through physical
confinement of these base units in order to promote the desired cell
aggregation/alignment; 3) microtissue maturation through cell-cell
interaction, cell-biomaterial interaction and/or self-organization of
cells (e.g., organoid formation by stem cells) (Fig. 1). Carefully choosing
the conditions of microtissue formation is of imperative importance: the
functionality of many specialized cell types depends on cellular orga-
nization and inherent physical cues to faithfully recreate native func-
tions of the microtissue, such as the alignment seen in native muscle
fiber, which plays an essential role in maximizing its contractile function
[2,3]. This is historically achieved using batch processes such as
microwell/microchannel seeding [4-8], hanging drops [9-13], micro-
patterning [14-16], and cell-sheet engineering [17-19]. All of these
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batch process-based techniques allow for the fabrication of specialized
multi-dimensional microtissue building blocks composed of cells and/or
micromaterials such as spheroids, cell fibers, cell sheets, and matured
organoids [20]. From these microtissue building blocks, high degrees of
complexity can be achieved by assembling cell aggregates/fibers/sheets
to macroscale 3D complex constructs such as hierarchically organized
structures, woven tissues, and microporous annealed particle scaffolds
(MAPs) [21]. In this section, we will overview current batch-processing
methods of fabrication of biomaterial-free and biomaterial-based
microtissues for tissue engineering.

2.2. Fabricating microtissues — cell spheroids

The functionality of many specialized cell types depends on faithfully
emulating microtissue-specific native 3D microenvironments. Conse-
quently, cell spheroids have played an essential role in our compre-
hension of tissue development and homeostasis as they represent a basic
and essential tools to understand cell-cell interdependence regarding
biological variables such as viability, migration, and differentiation. Cell
spheroids typically refer to rounded 3D cell aggregates, which can be
composed of a single cell type or a mixture of multiple cell types [28].
Batch processes such as suspension cultures have been widely used to
produce cell spheroids. Although these methods often associate with
poorly controlled aggregate size and shape inhomogeneity, cell spheroid
production in suspension cultures can be optimized by incorporating
complementary rotation and spinning methods [29-31]. In contrast,
aqueous compartmentalization techniques such as hanging-drop offer
more control over the size distribution and yield of individual aggre-
gates, with the added benefit that no specialized equipment or reagents
are required [32]. As an example, Frey et al. developed a versatile and
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Fig. 1. Schematic overview of microtissue production. Formation of microtissues can be generalized into three separate stages. First, cells and/or materials are
mixed in varying combinations, forming the basis of the microtissue. Second, microtissues are formed by physically confining cells and/or materials through, for
example, magnetic aggregation [22,23], acoustic aggregation [24] or compartmentalization [12,25-27]. Encapsulation is a specific form of compartmentalization
where cells are confined within a micromaterial such as a microgel or microfiber. Third, microtissues are matured through cell and/or material interactions. Ex-
amples include cell-cell interaction to form spheroids, cell-material interaction to differentiate cells or self-organization of (stem) cells into organoids.
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reconfigurable hanging drop microfluidic platform for aggregate pro-
duction that could be used for screening studies [33]. However, this
technique only offers very limited throughput as compared to other 3D
culturing platforms. Alternatively, microwells, micropatterned gels,
U-shaped chips, or microporous membranes have emerged as a valid
batch-process technique to produce cell spheroids [34]. These platforms
represent a minimal and simplistic approach, that offers accurate control
over spheroid size and shape, substantially increased throughputs, and
predictable spatial placement of spheroids. Specifically, cell-seeded
microwell arrays have emerged as promising 3D substrates for the
production of reproducible cell aggregates in amounts that are readily
suitable for the screening of a limited amounts of drugs [25,35,36] and
performing of in vivo studies using small animal models [7,37]. How-
ever, as these conventional batch techniques produce hundreds to
thousands of cell spheroids per batch, translation to the industri-
al/clinical setting has been challenging [38].

Biomaterial-based approaches have also been used to batch produce
spheroids as cell-laden hydrogel microcarriers. The development of
techniques such as molding [39], two-phase emulsions [40], photoli-
thography, and electrospraying [41,42] have demonstrated consistent
spheroid production with easy retrievability, culture, and assembly into
complex tissue structures that associated with improved biological
functions such as cell adhesion, proliferation, and differentiation [43].
Of note, these approaches also associate with the risk for compromised
bioactivity of genes, enzymes, and cell viability due to the use of organic
solvents (electrospraying, two-phase emulsions) [44,45] or UV light
(photolithography) [46].

Most recently, droplet-based microfluidic systems have been
explored to produce microtissues with greater complexity and structural
organization at higher throughputs. Microfluidic approaches hold great
promise to replicate specialized human tissues in a miniaturized scale,
with strict spatiotemporal control over the formation of encapsulated
3D-cell spheroids. To form spheroids, cells are perfused into tailored
microfluidic chips, which create specialized microenvironments where
cells are physically confined and undergo cell-cell interactions to form
compact multicellular structures. In short, these systems allow for the
production of microaggregates in a continuous manner in a manner that
offers control over chemical concentration gradients, pressure of flow-
induced signaling, and pressure and shear stress of encapsulated cells
[47,48]. These microfluidic systems can have multiple geometries for
the production and culture of encapsulated spheroids in liquid droplets,
core-shell microgels, or solid microgels. Although the throughput of
microfluidic systems is still insufficient to be considered for all industrial
applications, potential solutions such as parallelized microfluidic
droplet generators have been developed [49].

2.3. Fabricating microtissues — cell fibers

Cell fibers have received attention as an effective method to create
3D constructs with hierarchical structures [50]. Cell fibers can offer
mechanical properties that are desirable to emulate characteristics of
native tissues such as skeletal muscle tissue, blood capillaries, and nerve
fibers [51,52]. Their surface-to-volume and strength-to-weight ratio
provided by their microfibrous nature are frequently leveraged to
build-up large scale tissues. These can be used for diverse applications
such as living stitches [53,54], extrusion based additive manufacturing
[55,56] and weaving [57,58]. Additionally, they may be potentially be
used for tissue screening, due to the possibility to tailor cell response
through strict control over the fiber’s mechanical features [59,60].

A key advantage of microfibers is that they can be endowed with
surface patterns in a facile and versatile manner. Indeed, attachment,
proliferation, and function of cells can be steered, in addition to chem-
ical modifications such as RGD motifs, via external topographies such as
grooves. An elegant example is provided by the work of Kang et al., in
which cortical neurons were externally cultured on either grooved or
smooth calcium alginate microfibers fabricated by microfluidic
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spinning. On microgrooved fibers, neurons aligned along the ridges of
the grooved surface, while on smooth surfaces neuron cells migrated to
the edges and formed networks covering the alginate fibers [61,62]. In
another study, scaffold-free engineered microfibers for tendon replace-
ment grafts were created using fibroblast seeded microchannels. The
microfibers were subsequently conditioned with uniaxial tensile loads in
order to emulate the typical loads applied to tendon tissue [63]. These
examples of surface patterning show that specific modulation of cell
behavior and fiber thicknesses can be induced by introducing micro-
topographical changes to micromaterials in an non-invasive and
non-chemical manner.

Microfibers are also explored for the production of cell-laden fibers
via cell encapsulation, which has been leveraged to provide biome-
chanical cues to guide growth, migration, and alignment of cells. For
example, Hwang et al. demonstrated that microfiber diameter can
heavily influence cell orientation. Cell alignment between 10 pm and
242 pm fibers were compared, and more heterogenous orientation of
cells in the larger fibers were observed [64]. In addition, fibers can adopt
multiple geometries, such as solid [65], core-shell [66,67] and Janus
[68,69] conformations to further guide cell behavior.

2.4. Fabricating microtissues — cell sheets

Cell sheets are engineered 2D layers of cells that can be cultured on
top of a surface that supports cell growth and possesses adhesive/
detaching features. Cell sheets consist of cells, ECM, growth factors, and
important surface adhesion moieties that bind to the substrate. Initially,
cell sheets were retrieved from monolayered cultured surfaces using
proteolytic enzymes that compromised the functionality of cultured cells
and cell sheet integrity. This challenge was addressed by the introduc-
tion of thermo-responsive polymer surfaces, which were typically based
on Poly(N-isopropylacrylamide) (PIPAAm). This polymer surface offers
thermally dictated hydrophilic/hydrophobic properties, which enables
the harvesting of confluent cell layers via a simple decrease in temper-
ature. In recent years, various alternative biomaterial systems have been
reported, which include systems sensitive to ionic strength [70], pho-
tonic exposure [71], electric stimulation [72], ultrasonic vibrations
[73], magnetic field manipulation [22,23], as well as biochemical
treatment through non-proteolytic non-enzymatic incubation [74].

Harvested cell sheets are highly adhesive owing to their strong cell-
cell junctions and deposited ECM composed of adhesion proteins such as
integrins. As trypsin only degrades the carboxyl side of lysine or argi-
nine, this matrix is only partially degraded and its integrity remains
unaffected. This feature enables cell sheets to readily bind to native
tissue and can provide a protective barrier from exogenous agents.
Multiple studies have used cell sheets with great success to treat a
plethora of different tissues, such as esophagus [75], intestinal/bowel
[76,77], cornea [78,79], cardiac tissue [80,81], hepatic tissue [82], and
skin [83].

Several studies have focused on the generation of cell sheets as
functional units to build up complex tissue structures. Williams et al., for
example, used PIPAAm and fibronectin-PDMS grooved stamps to pro-
duce and stack hMSCs sheets. This thermo-responsive layer-by-layer
approach aimed to mimic physiological vascular tissue organization
[84]. In parallel, Okano and collaborators developed a double polymeric
hydrolayer surface of hydrophilic poly-acrylamide (PAAm) and PIPAAm
aiming to improve cell-sheet detachment. They demonstrated that
PAAm could facilitate the hydration and provide water molecules to
PIPAAm, which accelerated cell sheet detachment [85]. Another crea-
tive example of a novel approach for cell sheet fabrication is given by
Zhang and collaborators. In this specific study, the authors managed to
label dental-pulp stem cells with Fe3O4 magnetic nanoparticles that
were coated with nanoscale graphene oxide in order to organize cell
orientation by magnetic fields to form multilayered cell sheets with
different patterns [86]. Additionally, the graphene oxide coating pro-
vided growth-factor binding features that was used to bind BMP-2,
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which endowed the cells with a higher osteogenic potential.

Although promising, current cell sheet engineering technologies
have inherent limitations to produce complex material-free micro-
tissues, which associate with limited thicknesses (~60 pm per sheet
maximum) [87] and a labor intensive process. Additionally, current
techniques display limitations on the vertical integration and combi-
nation of distinct tissue structures in layer-by-layer approach [88].

The application of all abovementioned batch techniques, including
cell sheets, into the industrial/clinical setting has thus been primarily
hampered by the lack of high-throughput production processes; current
batch production methods are inefficient due to their highly demanding
manual and artisanal labor, poor capability for on-the-fly tuning, and
limited temporal and quality control during their production process.
These challenges naturally affect the translational application of all
batch process to a clinical/industrial setting and highlight the need for
the adoption of continuous processes for microtissue fabrication. In
contrast with batch techniques, continuous microfluidics offer produc-
tion features that can omit these drawbacks of batch produced micro-
tissues [89].

3. Continuous methods for scalable production of
compartmentalized microtissues

In order to allow for clinical and industrial integration of micro-
tissues, requirements such as a high-throughput production process
[115] and minimal batch-to-batch variation [116] have to be met.
However, aforementioned conventional batch processes such as
low-adherent culture plates [117-120], micropatterning [121,122],
microwells [4-8], and hanging-drop techniques [9-13] do not comply
with these requirements (Table 1, Fig. 2). Traditional techniques such as
cell aggregation in spinner flasks typically produce free-floating
microtissues, which leads microtissues to fuse with each other inside
large bioreactors used for culture and thus associates with a poly-
dispersity in final microtissue size (Fig. 2) [123-125]. Alternatively,
batch-compartmentalization of microtissues using methods such as
hanging drop and microwell culture effectively prevents microtissue
fusion, but lacks the throughput required for clinical translation. In
contrast, microfluidic compartmentalization of microtissues offers a
continuous production process that can be elevated to reach high
throughput microtissue production [89]. Additionally, the continuous
nature of this production process minimizes batch-to-batch variation
[126] and, importantly, the encapsulation of cells within micromaterial
compartments allows microtissues to be grown in industrial-scale bio-
reactors by preventing microtissue fusion (Fig. 2). Taken together, these
advantages make continuous methods an attractive technique for the
clinical and industrial translation of microtissues.
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Microfluidic production of microtissues typically involves two crit-
ical steps: (1) dispersion of a liquid cell-laden particle precursor solution
into discrete droplets; and (2) solidification of droplets through in situ
crosslinking or precipitation. Droplets can be formed via patterning
[90-93], molding on/in solid substrates [92], emulsification in an
(immiscible) liquid [127-132], or atomization in a gas [102,103,
133-136]. Here, emulsification (i.e., liquid-liquid) and atomization (i.e.,
liquid-air) are continuous droplet formation processes compatible with
microfluidics with inherently high throughputs and therefore suitable
for scalable production of microtissues.

3.1. Microfluidic micromaterials for microtissue building blocks

In microfluidics, droplet emulsions are typically produced by flowing
two immiscible fluids (i.e., a (cell-laden) water-phase and an oil-phase)
in a coaxial [127,128], T-junction [129,130], or flow focusing [131,
132] configuration, which can be stabilized with surfactants [139]. The
discrete aqueous droplets within the emulsion can be solidified into
cell-laden micromaterials via a wide range of mechanisms including
ionic- [27,140,141], enzymatic- [138], photo- [142-144], or
thermal-crosslinking [145]. A wide variety of materials can be chosen,
with the key material limitation being viscosity (Table 1). These
cell-laden micromaterials can be cultured as individual living micro-
tissues, but can also be assembled into clinically sized, modular, living
microtissues.

The most intuitive form of microfluidically produced micromaterials
is solid microspheres, where a polymer precursor solution is emulsified
into droplets that are fully solidified [146-148]. The introduction of
cells into the precursor solution results in either single-cell-laden solid
microgels [144,147,149], or multiple-cell-laden solid microgels
[146-148], which can in turn be used as building blocks for bottom-up
engineered tissues. However, these solid microgel systems hinder
cell-cell contact of encapsulated cells, which is known to be an impor-
tant factor in the benefits of 3D cell culture [150]. Building on the
principles utilized in creating solid microspheres, it is possible to create
hollow, compartmentalized microgels by using, for example,
multi-emulsions [151]. By introduction of cells in the hollow compart-
ment of core-shell microgels, cells are encapsulated in a manner in
which cell-cell contact is enabled, which allows for the formation of
cellular aggregates and more complex organoids [138,152]. Janus par-
ticles are a specific type of compartmentalized structure, typified by a
more complex anisotropic morphology and a multicompartmental, but
not necessarily core-shell, structure [153]. Their anisotropic properties
are often manifested in a chemical or physical manner, but also allow for
encapsulation of multiple cell types within a single micromaterial
without direct cell-cell contact. Although the aforementioned

Table 1
Comparison of non-continuous and continuous production platforms utilizing compartmentalization for microtissue fabrication.
Technique Throughput Dispersity Microtissue size Key material limitation References
Non- Microwells Limited due to 2D Monodisperse ~50-300 ym @ Surface tension; Hydrophilicity of [4-7]
continuous nature substrate
Hanging-drop Monodisperse ~200 pm @ Surface tension; Hydrophilicity of [9-13]
substrate
Micropatterning Not applicable - Hydrophilicity of substrate [14-16,90-93]
Cell sheets ~5-600 pm Hydrophilicity of substrate [17-19]
thickness
Molding - Hydrophilicity of substrate [39,92]
Photolithography - Often depends on UV crosslinking [41,46]
Continuous Droplet ~10"* to 10~ ml/min Monodisperse ~5-800 pm @ Surfactant use; Viscosity; [27,48,
microfluidics 94-101]
Vibrating jet ~107" to 100 ml/min Monodisperse ~20-300 pm @ Viscosity; need for rapid crosslinking [102,103]
Jet cutting ~10-10° ml/min Monodisperse ~150 pm-1000 pm Viscosity [104,105]
[9]
Inkjet printing ~10%t010 ' ml/min  Monodisperse  ~30-80 pm @ Viscosity [106-108]
Air-induced spraying  ~10"! to 10 ml/min Polydisperse ~5-1000 pm @ Viscosity [109-111]
Electrospraying ~10° to 10 ml/min Polydisperse ~5-1000 pm @ Organic solvents [112-114]

395



M. Schot et al.

Bioactive Materials 19 (2023) 392-405

,;:1,

Compartmentalization Aggregation Result
None
— ]
\
Quantity: +
Uniformity: -
Batch
T T~ Quantity: -

Microwells |

Uniformity: +

Continuous

Microcapsules

Quantity: +
Uniformity: +

Fig. 2. Microencapsulation is required to translate microtissues to industrial/clinical scale applications. To expand cells into larger quantities and/or more
complex modalities, encapsulation using continuous microfluidics provides an ideal balance between scalability and uniformity. Traditional methods to produce
microtissues rely on the culture of cells without compartmentalization (e.g., in spinner flasks) or with batch compartmentalization (e.g., in microwells), leading to
low uniformity due to fusion and low throughput, respectively. By compartmentalizing cells in microcapsules using high-throughput microfluidics, microtissues can
be produced in large quantities while maintaining microtissue uniformity. Moreover, microtissues produced in this manner can still be cultured in large bioreactors
due to the physical barrier provided by the (semi-permeable) microcapsule, preventing microtissue fusion. Figures adapted with permission from [124,137,138].

microfluidically formed microtissue building blocks are all most
commonly spherically shaped, non-spherical microparticles can also be
produced continuously using microfluidics. Confinement of microfluidic
channels allow for the production of disc- or rod-shape microparticles
[154], while produced droplets can also be further processed in
non-spherical microparticles by arrested coalescence, asymmetric
polymer solidification or evaporation-driven clustering [155]. Since
non-spherical microwells are known to allow for microtissue polariza-
tion [156], these continuously produced non-spherical particles could
similarly allow the formation of complex, polarized microtissues, but in
a higher-throughput format.

3.2. Microfluidic production methods for micromaterials

Continuous microfluidic production methods operate in either the
dripping regime (Weber number (We) < 8) or jetting regime (We > 8).
Techniques in the jetting regime can be further categorized based on the
breakup of the jet from a Rayleigh induced breakup regime (Weber gas
(Weg) < 0.4) to a wind induced breakup regime (Fig. 3a and b). The
throughput as well as monodispersity of the capsules produced using
continuous production methods are closely related to these regimes as
illustrated by the time it takes to fill the various types of bioreactors on
the right y-axis of Fig. 3b. Finally, the desired microtissue size also has
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an influence on the throughput of various continuous microcapsule
production methods (Fig. 3c).

The most common method for continuous droplet formation for
production of the aforementioned cell-laden micromaterials is through
the use of microfluidic channels within glass [157-159] or transparent
elastomers such as polydimethylsiloxane (PDMS) [160-163], which are
operated in the dripping regime. These systems have been shown to be
successful for the fabrication of microtissues. However, while produc-
tion in the dripping regime allows for excellent control of monodisperse
microparticle formation, their low production rates (<1 ml/min) [164]
are inhibitive for clinical and industrial translation (Fig. 3b). Hence,
innovations such as parallelization are required in order to achieve
commercially relevant throughputs [49,165,166]. Moreover, disadvan-
tages of the single-use and enclosed nature of these systems limits their
scalability for the production of microtissues. These disadvantages
include the need for advanced lithographic infrastructure to produce the
microfluidic systems and their association with significant wastage of (e.
g., clogged) microfluidic devices. As an alternative, reusable
off-the-shelf microfluidic devices that are manufactured using standard
cutting and abrasion methods have been explored to allow widespread
adaptation of these water-in-oil systems [142].

Jetting and spraying technologies allow for higher throughputs (up
to 100 ml/min) [102], which makes them more suitable for scalable
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Fig. 3. Continuous microcapsule production methods and their potential for translation to clinical/industrial settings. a. Schematic representation of
various continuous production methods to produce (cell-laden) microcapsules. b. Typical throughputs of continuous production techniques calculated for varying
regimes including from dripping; Weber number (We) < 8 to jetting (We > 8) into and from Rayleigh induced break up (gas Weber number (Weg) < 0.4) to wind-
induced breakup (Weg > 0.4). A capsule size of 500 pm is chosen for the calculations as a representative example. On the right y-axis, container sizes are indicated to
illustrate the required time to fill a specific volume ranging from lab scale (Eppendorf tube) to industrial scale (bioreactor). c¢. Overview of various continuous
production methods and their throughputs (flow rate) as a function of droplet size. Typical mammalian cell size and microtissue sizes are indicated to outline
methods of interest. The indicated production regimes are based on data points obtained from the following references: droplet microfluidics [27,95-101,104],
vibrating jet [102], jet cutting [105,106], inkjet [107,108,176], air-induced spraying [106,109-112], and electrospraying [106,113,114,177]. Figure adapted with

permission from [178].

production of cell-laden microcapsules (Fig. 3b) [164]. However, un-
assisted techniques such as air-induced spraying and electrospraying
only offer poor control over resolution and produce polydisperse
microparticle populations (Fig. 3b) [167,168]. Therefore, efforts have
been made in order to achieve monodisperse microparticles in the
jetting regime by for instance jet-cutting [104,105] or by applying
microvibrations using piezoelectric elements in liquid-liquid with
vibrating jet technology [169-171] and liquid-air configurations with
both inkjet [106-108] and vibrating jet technology (Fig. 3a,c) [102,103,
172]. Similarly, electrospraying has been utilized by applying (sub-
merged) electromagnetic fields for both liquid-liquid [173,174] and
liquid-air configurations (Fig. 3a,c) [134-136].

In contrast to liquid-liquid, liquid-air systems such as sprays or
droplets that fly in the air do neither require the use of a potentially
sample contaminating immiscible phase (e.g., oil) or surfactants (e.g.,
amphiphiles) to form droplets while allowing for considerably higher
production rates. However, the produced droplets only remain sepa-
rated until they collide onto their receiving collector, or coalesce in-
flight, which necessitates their in-flight stabilization using, for
example, extremely rapid (milliseconds) crosslinking mechanisms. In
practice, atomization is therefore almost exclusively combined with
ionic crosslinking strategies such as alginate with divalent cations [102,
103], rapid heating (i.e., spray drying) or cooling (i.e., spray freeze
drying) strategies, which is in contrast with lower throughput systems
which beside ionic crosslinking materials can utilize materials with
slower crosslinking mechanisms such as enzymatic and photo cross-
linking [142]. Yet, materials that rely on slower (seconds to minutes)
solidification mechanisms such as silk fibroin can still be utilized by
leveraging, for example, alginate as a sacrificial structural template in
the form of an alginate shell or interpenetrating alginate network [175].
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Several complex micromaterial structures have been produced using
in-air microfluidics, such as (cell-laden) solid microgels, core-shell
microgels, Janus micromaterials and microfiber structures [102,103].
It is important to note that cell-laden micromaterials can be combined
with non-cell-laden micromaterials, allowing interesting opportunities
to add further functional and/or spatial complexity to influence micro-
tissue formation [21]. In this fashion, a wide array of materials can be
processed to yield cell-laden micromaterials of controlled shape and size
for complex microtissue formation with high quality and high quantity,
allowing for clinical and industrial translation of cell-laden micro-
materials. Microfluidic platforms can also be integrated with x-y
controlled motors (e.g., inkjet droplet printing), which can be leveraged
to engineer hierarchical tissues in an automated fashion [94], or be
utilized as handheld printers, for example, for in situ bioprinting [102].

4. Applications of microtissues

Microtissues have numerous applications in various commercial
domains (Fig. 4). Firstly, they can be used as single units to study the
fundamentals of microtissue formation, maturation, and homeostasis.
Using continuous fabrication processes, microtissues can be tuned on the
fly to create large libraries for screening experiments. Second, by
combining bottom-up engineered microtissues with top-down produc-
tion processes, next generation tissues or living implants can be engi-
neered in a modular, hierarchical, and spatially controlled manner.
Finally, in recent years, cellular agriculture and engineered meat have
garnered a significant amount of attention. The evident ever-growing
demand of these applications has highlighted the need for large-scale
microtissue production using facile, tunable, and scalable techniques.
As applications are a key determinant in the design of microtissues and
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Fig. 4. Schematic representation of applications of microtissues across various production scales. Applications of complex microtissue range across a wide variety of
scales. From building controllable environments for fundamental studies to implantable tissue constructs, high-throughput drug screening platforms and engineered meat. Each
application has different requirements for microtissue formation, culture and complexity.

dictate the criteria for their composition as well as their production
methods, this chapter will outline several applications and their asso-
ciated requirements.

4.1. Fundamental cell studies: high-resolution 3D microenvironments

It is well-known that cells interact intimately with their microenvi-
ronment in a reciprocal manner [179]. Microenvironments dynamically
dictate cell fate and play an important role in the onset, development,
and treatment of diseases such as cancer [180,181]. Indeed, 3D culture
systems have repeatedly been demonstrated to more accurately emulate
in vivo behavior as compared to the historically dominant 2D culture
systems [182]. Moreover, 3D culture systems assembled of a combina-
tion of cells and materials allow for a tunable environment with spatially
organized microenvironmental cues [183]. The interplay between cells
and their microenvironment has been widely explored in vitro and has
also been shown to be of importance in vivo in directing regeneration,
underlining the importance of the microenvironment for tissue
morphogenesis and homeostasis [184-186]. By encapsulating cells in
microgels, it becomes possible to precisely tune the cellular microenvi-
ronment while minimizing or even avoiding heterogenous cell response
due to mass-transport limitations or hindered oxygen diffusion that
commonly associate with conventional macro-sized 3D in vitro cultures
and 3D cellular spheroids [187,188]. To achieve microenvironments
that can steer cell fate or maturation, it is important to develop or adapt
tunable materials that can be utilized to control cell-cell interaction and
cell-material contact (e.g., material stiffness, topography, and degra-
dation) in a spatial and temporal manner in microtissues.

A typical example of a microenvironmental cue to modulate (stem)
cell responses is mechanotransduction through the use of cell-adhesive
molecules (CAMs). Microenvironments are endowed with CAMs to
enable the stem cell microniche to control, for example, proliferation
and differentiation [189]. The physiological microenvironment’s

dynamic nature strongly regulates how these factors are presented to
cells, and is thus important to design temporally controllable microen-
vironments in vitro [190]. Discrete inducible on-cell crosslinking
(DOCKING) has recently been showcased as an example of such a
temporally tunable microenvironment. By directly tethering cells to
non-adhesive materials, it allowed the transduction of mechanical cues
from non-adhesive materials to cells, enabling stem cell programming
using material stiffness. Moreover, by modulating the material’s stiff-
ness in a temporal manner, the dynamic nature of the natural micro-
environment of the cell can be emulated. Using technologies such as
DOCKING, it will become possible to study stem-cells and their response
to tailored mechanical cues, to steer differentiation and to engineer
larger tissues with highly optimized cellular microniches [149]. Another
approach to study and direct stem cell fate was reported by Kolb et al.
Aggregates of cell lines that could express specific tagged proteins were
encapsulated into microgels. The expressed proteins were subsequently
chemically captured in the outer layer of the microgel where they could
affect the response of cells cultured on the outside of the microgels. In
this manner, they were able to create libraries of microniches to screen
stem cell fate in response to specific proteins [191].

To gain a better understanding of developmental processes such as
organogenesis and morphogenesis, a certain degree of complexity in
microtissues is often required. Whether using scaffold-free approaches
[192] or compartmentalization using the described techniques, contin-
uous microfluidic techniques enable straightforward creation of large
amounts of microtissues, which are necessary for such high throughput
screens. To study the mechanisms underlying these processes,
sequencing technologies are typically employed. Traditional sequencing
technologies struggle to screen single cell populations and identify
population distributions in an accurate, high throughput manner and
require multiple platforms and techniques to isolate and process cells
separately. A recent example of the potential of microgels in cell
screening was shown by Lan et al. who leveraged single cell
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encapsulation to create barcoded, single-cell microgels allowing for
high-throughput single cell genome sequencing [193]. By constraining
single cells in microgels, cells and genomes were kept separated. The
microgel environment additionally served as a microreactor, auto-
mating a large part of the process, resulting in less variability due to
handling/user bias. By providing a variety of cues to the cells, platforms
like these could enable researchers to better understand the cellular
mechanisms required for the formation of more complex tissues. An
example of this approach was showcased by Klein et al. who screened
the heterogenous onset of differentiation by embryonal stem cells in
response to withdrawal of leukemia inhibitory factor (LIF). In their
work, the use of high-throughput droplet microfluidics was critical to
reach the processing scale required to identify small subpopulations.
Besides the effects of soluble factors, shape and mechanical properties
are known to play important roles in microtissue development
[194-196]. In principle, microfluidic compartmentalization allows for
the creation of tunable microenvironments that serve as culture vessels
for single cells as well as microreactors for downstream processing.

4.2. Tissue engineering: injectable and interconnected microtissues

Owing to their attractive feature of self-assembling and fusing in a
bottom-up manner to form complex tissues in a straightforward and
scalable manner, the use of microtissues have become commonplace in
bioengineering in recent years. Moreover, compartmentalization of
microtissues provides an increased degree of modularity and hierar-
chical structure, control over tissue formation as well a protective layer
to shield microtissues from their environment, which may be desirable
when assembling them into larger constructs, or for in vivo applications.
Individual as well as connected microgel building blocks have found a
variety of promising uses in the field of bioengineering, which ranges
from minimally invasive therapies to printable bioinks to embedded
printing baths.

Microtissues have been used as injectables in cell-based therapies for
years, but typically suffer from low retention and post-injection
viability. Encapsulation of cells in hydrogels has been used as a tool to
address these challenges, but the use of bulk hydrogels also imposes
limitations in the diffusion of oxygen and nutrients owing to their
typically large size [197]. Compartmentalizing microtissues in
micron-sized hydrogels resolves this limitation and has been explored
extensively as injectable cell-based therapeuticals. Feng et al. encapsu-
lated bone mesenchymal stem cells in gelatin-hyaluronic acid microgels,
which led to improved chondrogenesis as well as post-injection viability
and cartilage restoration. Moreover, the stem cells were able to migrate
to the shells of the microgels, allowing for in-situ annealing of micro-
tissues through cell-cell contact. This effect prevented unwanted
vascularization as well as hypertrophic differentiation, which led to
improved in situ cartilage formation [198]. Encapsulation can also play
an important role in regulating the immune response post-injection by
acting as an immunoprotective semi-permeable shield. This strategy is of
particular interest for organs with an endocrine function, such as the
pancreas [26] or the adrenal gland [199] under pathological conditions
that associate with autoimmune destruction of native tissues. Weaver
et al. utilized this approach to inject encapsulated pancreatic islets from
an allogeneic source, showing improved implant survival, integration,
and retrievability compared to unencapsulated islets, while maintaining
the ability to restore normoglycemia in diabetic mice [200]. In addition,
immunoprotective biomaterials may further enable the use of allogeneic
or xenogeneic cell for a wider set of clinical applications.

In recent years, a new class of microgel based scaffolds termed
microporous annealed particle scaffolds (MAPs) has garnered attention.
These consist of microgels that are annealed either before or after in-
jection, leading to improved tissue integration compared to traditional
nanoporous hydrogels owing to the microporous nature of the construct,
which allows for increased cell infiltration [21]. Some examples of the
potential of MAPs in regenerative medicine include their use as scaffolds
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for delivery of cells with improved retention [201], accelerated wound
closure [21], improved cartilage regeneration [202] and delivery of
therapeutics [203]. Although not widely explored, these scaffolds can
also be combined with encapsulated microtissues to engineer large tis-
sues. An example of the potential of this approach was published by
Yang et al. who built larger tissues from cell-laden microgels in a bottom
up manner [204]. Stem cells were encapsulated in millimetric collage-
nous microgels using a microfluidic system, which were subsequently
allowed to anneal in a mold to form MAPs. Over time, cell-cell contact
led to annealing, and cell-ECM interactions also caused the collagen
microgels to shrink. Moreover, porous space was found in between the
annealed microtissues, allowing for improved media diffusion compared
to nanoporous constructs. Although centimeter sized constructs were
engineered, the microtissue building blocks in this work were relatively
large (>800 pm post shrinkage), which associates with a poor resolution
and may still cause oxygenation and nutritional difficulties over
long-term culture periods or during implantation.

To improve implant survival, pre-vascularization of engineered tis-
sues is a commonly used approach. Owing to the shear thinning prop-
erties of dense microgel and/or microtissue suspensions, it is possible to
utilize microtissues as print baths for embedded printing [205,206].
Integration of microtissues with top-down approaches such as 3D
printing enables an added degree of spatial organization, allowing for
large, highly organized 3D tissues with micro-scale modularity and
resolution. =~ Moreover, printing vascular-like channels and
pre-vascularizing engineered tissues can improve implant performance
and survival. The concept of integrating microtissues with 3D printing
has been showcased. For example, Skylar-Scott et al. [206] used
spheroids as a print bad and Hinton et al. [207] used microgels as a
printing bath. Both of these methods could profit from the benefits of
microfluidics, by compartmentalizing microtissues for
higher-throughput culture as well as protection during printing to
facilitate living modular print baths. Finally, microtissues can also be
used as bio-inks instead of baths [208,209]. Combining both ink and
bath approaches provides an unprecedented degree of freedom in
designing engineered tissues. These printed constructs could then be
stabilized through aforementioned approaches such as microgel
annealing or tissue fusion. However, to translate such approaches to
clinical scales, it is necessary to also scale-up the production through-
puts of cell-laden microgels. To this end, Di Carlo et al. created a scalable
platform to generate annealable microgels with production rates of ~25
mL per hour [210]. However, these microgels were not cell-laden, and
inclusion of cells would impose additional restrictions on the production
method. Ideally, small building blocks (<200 pm) should be used to
generate high-resolution bottom-up engineered tissues. Although it is
possible to engineer larger microtissue building blocks, additional
strategies would be required to circumvent issues related to oxygenation
and nutritional limitations within the microtissue, examples include
vascularization and oxygen releasing compounds, both of which have
been reviewed extensively elsewhere [211-213]. These engineered
building blocks can additionally allow for increased control over the
hierarchical structure and properties of an engineered tissue, as their
modular assembly leads to varying properties (e.g., mechanical prop-
erties) over different scales of resolution, which is something that is
more difficult to achieve with traditional engineered tissues constructed
from nanoporous bulk hydrogels. However, in microfluidic production
methods, microgel size is typically inversely related to production speed
(Fig. 3c), emphasizing the need for scalable production platforms to
engineer high resolution microtissue building blocks. In short, new
techniques and protocols to produce cell-laden micromaterials in
ultra-high throughput are needed to create clinically-sized, personal-
ized, modular tissues to realize straightforward clinical translation.
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4.3. Biotechnology/pharma industry: high-throughput screening of 3D
microenvironments

Biotech and biopharma have historically relied on widespread and
intensive use of animal testing to develop and verify the safety and ef-
ficacy of new pharmaceutical products such as vaccines or drugs. With
many governments striving for a reduction in animal testing an abun-
dance of in vitro alternatives have been developed in recent years. A
main requirement for such alternatives is that they accurately emulate
human physiology. In vitro drug testing has seen significant advances
that have enabled the replacement of specific traditional 2D cell culture
models with more advanced 3D models, most notably spheroids and
organoids, due to the presence of a more physiologically relevant
microenvironment. As previously reviewed by Astashkina et al. the
microenvironment plays an important role in achieving and maintaining
the native phenotype of microtissues, which is required to obtain rele-
vant information from drug toxicity tests [214].

Besides physiological relevance, compatibility of the in vitro model
with high-throughput screening methods plays a key role when
designing microtissues for drug screening. Production methods need to
reliably produce homogenous 3D models with little to no batch-to-batch
variation, as variance in size or cellular composition can have detri-
mental effects on the initial drug response as well as technical repro-
ducibility of results (e.g., size is a limiting factor for optical readouts).
Moreover, high throughput screening processes are ideally automized,
to reduce variability and error caused by handling and, most impor-
tantly, to cost-effectively accelerate the process of identifying promising
drugs to be further evaluated.

Compartmentalization using continuous production methods can
have an impact on the biopharma and drug screening sector in a variety
of ways. First, the throughput rates of microtissue production can lead to
accelerated drug screening, as a larger amount/libraries of microtissues
can be generated in a substantially shorter timeframe. Second, the
cellular composition of microtissues can be controlled in terms of dif-
ferentiation and maturation through modulating the cell’s microenvi-
ronment through, for example, choice of microgel material. This allows
for increased control over 3D model complexity as opposed to hanging
drop or microwell formats, where soluble factors are generally the only
method used to control the 3D model. Compartmentalization can thus
offer the opportunity to create more (patho)physiologically relevant
microenvironments. Third, the microenvironment protects microtissues
allowing, for example, for displacement of microtissues using robotics or
dispensing systems without incurring microtissue damage thus reducing
data bias [215]. Finally, through chemical modification, microgels can
be functionalized with biochemical sensors (e.g., biomarkers) allowing
for rapid assays without the need for multi-step protocols to analyze
microtissues after adding drug compounds [216].

Besides the development of tissue models for drug testing, the bio-
processing field might also benefit from the use of compartmentalization
and continuous microfluidic production methods. Mammalian cell lines
are used for directed evolution to produce recombinant proteins that are
applied in, for example, drug development or as biocatalysts, as other
organisms or expression systems (e.g., bacteria) may lack the required
environment for some proteins to function properly [217,218]. Two of
the major steps in the development of recombinant proteins are selection
of the cell lines to produce a population with high expression of the
desired protein and downstream protein purification [219]. Microen-
capsulation of cells could enable higher-throughput screening methods
to select desirable clones in heterogenous populations. By including
specific protein-immobilizing moieties onto micromaterials, produced
proteins could directly be captured inside the microcarrier. In this
manner, proteins are concentrated in local small volumes and more
easily purified and extracted [220]. Moreover, using in-line fluorescence
sorting methods, the high-producing populations could directly be
identified and extracted to isolate monoclonal high-producing pop-
ulations. Finally, cell-cell contact and microenvironmental cues have
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been implicated as important factors in faster population growth and
cloning efficiency. These are issues that can readily be addressed by
compartmentalizing cells inside micromaterials to create microtissues
and improve directed evolution in the biotech industry [221].

4.4. Cellular agriculture: engineered cruelty-free meat

With global attention focused on improving animal welfare and the
environmental impact of the meat industry, cellular agriculture has
emerged as a rapidly growing biotechnology field. A well-known
example is the lab-grown hamburger presented by the research group
of Mark Post in 2013. Fresh muscle was extracted from a cow, and the
cells from this piece of tissue were grown in the lab for several weeks to
expand the cells. Subsequently, the cells were matured in a ring-like
mold to form mature muscle fibers. A large amount of these fibers was
then used to combine into an 85 g hamburger [222]. In a more recent
example by Furuhashi et al. a pillar based mold was used in conjunction
with cells suspended in hydrogels to mature millimeter thick bovine
myocytes. This method has scalable modules which theoretically en-
ables the culture of regularly sized steaks [223].

Although the concept of a cultured meat has been shown, the process
is still far from optimal. The major roadblock for advancing cellular
agriculture is acquiring large quantities of cells in a cost-efficient
manner. Traditional cell-culture methods are labor intensive, time
consuming, and often demand separate platforms for culture and
maturation of cells. Moreover, to engineer a larger diversity of meats,
texture and cell types become an important factor as well. The main
components typically present in meat are skeletal muscle and fat tissue,
which both require different culture and maturation protocols to
develop or maintain their respective physiological phenotypes. The
amount in which these components and the extracellular matrix they
deposit are present in meat greatly determine its texture. A high amount
of fat, for example, leads to a more ‘juicy’ texture. These tissues should
thus ideally be cultured separately, in large quantities, while main-
taining the ability to easily assemble them into diverse combinations
when enough cellular material is produced [224].

Microfluidics and cell compartmentalization may allow for the
improvement of several steps in cellular agriculture. For example, cells
could be compartmentalized and grown in large fibers, such as the
meter-long cell laden microfibers prepared by Onoe et al., which enable
a less labor-intensive manner of culturing a large amount of cells.
Moreover, by culturing cells as fibers, alignment and maturation of tis-
sues may also be achieved, aiding tissue texturization. These micro-
fibers, in this case core-shell alginate fibers, can be removed at the end of
the culture process before assembling the cell fibers into desired shapes
[571. By utilizing several types of cell fibers, texture and diversity can be
realized to more closely resemble different types of real meat.

The use of microfluidic encapsulation and compartmentalization has
the potential to streamline the process of meat culture. By utilizing
edible materials to microfluidically engineer culture and maturation
platforms for cells, engineering meat could perhaps become a one-step
process in the future. However, microfabrication technologies need to
be optimized to facilitate a process that is clean, ultra-high-throughput,
and highly cytocompatible [225,226]. By choosing edible, FDA
approved, human food-grade materials, micromaterials themselves
could also provide benefits such as improved texture [226].

5. Future perspectives

The use of continuous microfluidics for the creation of microtissues
has surged in recent years. With the introduction of new materials,
microfluidic architectures, and new sources of cellular material,
increasingly complex microtissues are being developed, which closely
resemble their native counterparts. In laboratory settings, an increased
use of iPSCs and associated differentiation protocols is anticipated,
leading to microtissues that could be used to gain a better understanding
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of embryogenesis or morphogenesis.

Using patient-derived cells such as iPSCs to create microtissues also
allows for the creation of patient-derived libraries to enable personal-
ized drug testing. However, such biopharmaceutical drug screening li-
braries require the culture of a large amount of cells as well as large-
scale microtissue culture. Compartmentalization could accelerate this
process by allowing for culture as well microtissue formation in a one-
step protocol, as opposed to, for example, microwell culture. To reach
the pharmaceutical industry, it is crucial that microfluidic processes
achieve higher-throughputs than currently available. Moreover, new
processes should be tunable but also clean and automated to streamline
the resultant microtissues for downstream utilization, without the need
for additional steps, for example, extensive washing steps.

Besides cell-source, innovations in the materials used to compart-
mentalize and mature microtissues are also required. The compart-
mentalization of microtissues in microgels with tunable physical,
chemical, and architectural properties in a spatiotemporal manner will
allow researchers to study which factors play decisive roles in devel-
opmental and pathophysiological processes [227]. The development of
highly controllable modular microtissue building blocks through
continuous production methods will concurrently enable a next gener-
ation of tissue engineered constructs, where the nano, micro, and mac-
roenvironments are uncoupled and can be controlled separately, for
example, from material functionalization (nanoscale), to controlling
microtissue size through compartmentalization (microscale), to bulk
properties through the assembly of microtissues into MAPs (macroscale)
[144]. This next generation of tissue engineered constructs also includes
an inherent porous structure, which can be leveraged to guide and speed
up complex biological processes such as vascularization or innervation
inside engineered tissues [228]. To this end, scalable production
methods should also aim to produce materials with varying aspect ra-
tios, as anisotropic architectures are found in a variety of native tissues
and may contribute to improve the fidelity of engineered tissues for both
in vitro and in vivo applications [229-231].

With the development of more complex microtissues also comes a
need for new media formulations to satisfy the needs of the microtissues
that typically contain multiple cell types. Moreover, to scale microtissue
formation, media formulations also need to become cheaper and, for
applications such as cellular agriculture for lab-grown meat, ideally
chemically-defined and animal-product free, for example, avoiding the
typically used component fetal bovine serum (FBS).

Finally, it is important to consider the type and degree of complexity
that is required for each specific application. Fundamental microtissue
formation studies may require systems with highly versatile temporal
and/or spatial control, while translational applications are likely to
benefit from more limited but more readily translational biomaterial
formulations. Similarly, microfluidic production platforms allow for a
variety of adaptations based on the requirements of the application.
Applications such as tissue engineering as well as lab-grown meat may
benefit from the coupling of microfluidic systems to 3D printing plat-
forms to enable one-step bottom-up engineering of high-resolution hi-
erarchical tissues, whereas applications such as drug screening libraries
would benefit most from a production process that allows for on-the fly
formulation tuning.

In conclusion, continuous microfluidics and compartmentalization
have great potential in the scalable production of microtissue formation.
However, cleaner, faster, and more scalable microfluidic processes need
to be developed to allow for the translation of microtissues towards
clinical and industrial applications. Simultaneously, downstream pro-
cesses need to be expanded to allow for handling and processing of large
amounts of microtissues.
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