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Summary 

Tissue engineering approaches are widely studied with the goal to replace or repair 
human tissues. However, while studies are often promising in a laboratory 
environment, there remain difficulties in the translation of laboratory-based studies 
towards clinical applications due to low in vivo efficiency and/or complex 
impractical procedures.An interesting strategy for improving therapy effectiveness 
is by evolving from conventional 2D cell culture to more biomimetic 3D cell culture 
approaches. While therapy efficiency can be greatly improved  using 3D cell 
culture, current 3D microtissue production techniques are often non-scalable batch 
processes, limiting clinical and industrial translation. A continuous production 
method is needed in order to improve the microtissue production rate and improve 
the feasibility of clinical application. 

Microfluidics offers the possibility to evolve microtissue production towards a 
continuous process. Using conventional on-chip microfluidics, microtissues can be 
produced in a controlled and continuous manner by cell encapsulation in hollow 
microcapsules. However, conventional on-chip microfluidics offers challenges such 
as complex multistep processes, the use of potentially harmful oils and surfactants 
and often low throughputs, which are currently hampering widespread clinical and 
industrial translation of microfluidically produced microtissues. There is therefore a 
need to evolve microfluidics towards a clean, fast and single step scalable 
approach to fulfill the clinical requirements for tissue engineering approaches that 
take advantage of 3D microtissues. 

This thesis describes multiple microfluidic solutions that focus on overcoming these 
challenges hampering the widespread clinical and industrial use of microtissues. A 
reusable, cleanroom-free, multifunctional microfluidic device is developed using 
standard cutting and abrasion technology, which allows the production of 
microtissue-laden microcapsules in a single step-manner. This on-chip process is 
then evolved towards an off-chip jetting approach which allows for the production 
of microtissue-laden microcapsules in an ultra-high throughput manner (>10 ml/min) 
without the need of potentially harmful oils and surfactants. This in-air microfluidic 
approach is also utilized for mass production of microtissues in larger 
compartmentalized hydrogels, which are used for the production of large clinical-
sized tissues. A multitude of microtissues are formed using these described 
microfluidic technologies such as human mesenchymal stem cell spheroids, 
chondrocyte spheroids, fibroblast spheroids, cholangiocyte and 
cholangiocarcinoma organoids, lumen-forming embryoid bodies, contracting 
cardiospheres, and clinical sized cartilage tissues. 

To summarize, this thesis introduces multiple microfluidic systems for scalable 
microcapsule and microtissue production with the aim to remove the hurdles 
towards clinical and industrial translation of 3D microtissues.  
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Samenvatting 

Weefselengineering wordt uitgebreid bestudeerd met als doel menselijke weefsels 
te vervangen of te herstellen. Hoewel onderzoeken vaak veelbelovend zijn in een 
laboratoriumomgeving, blijven er moeilijkheden bestaan bij de vertaling van op 
laboratorium gebaseerde onderzoeken naar klinische toepassingen door lage in 
vivo (in een levend organisme) -efficiëntie en/of complexe onpraktische 
procedures. Een interessante strategie om de effectiviteit van de therapie te 
verbeteren is door over te stappen van conventionele 2D-celkweek naar meer bio-
mimetische 3D-celkweektechnieken. Hoewel de efficiëntie van de therapie kan 
worden verhoogd met behulp van 3D-celkweek zijn huidige technieken voor 3D-
microweefselproductie vaak niet-schaalbare, meerstaps batchprocessen die 
klinische en industriële translatie limiteren. Een continue productiemethode is nodig 
om de productiesnelheid van microweefsels te verbeteren, waardoor de 
haalbaarheid van klinische toepassing zal worden verbeterd. 

Microfluïdica biedt de mogelijkheid om microweefsel productie te evolueren naar 
een continu proces. Met behulp van conventionele op-chip microfluïdica kunnen 
microweefsels op een gecontroleerde, continue manier worden geproduceerd 
door celencapsulering in holle microcapsules. Echter, conventionele op-chip 
microfluïdica biedt uitdagingen zoals, onder andere,  complexe multistaps 
processen, het gebruik van potentieel schadelijke oliën en oppervlakteactieve 
stoffen en vaak lage productie snelheden, welke momenteel brede klinische en 
industriële translatie van microfluïdisch geproduceerde microweefsels 
belemmeren. Er is daarom behoefte aan een evolutie van microfluïdica naar een 
schone, snelle en eenvoudige schaalbare aanpak om te voldoen aan de klinische 
eisen voor weefselengineering die gebruik maken van 3D-microweefsels. 

Dit proefschrift beschrijft meerdere microfluïdische oplossingen die zich richten op 
deze uitdagingen die de brede klinische en industriële toepassing van 
microweefsels belemmeren. Een herbruikbaar, cleanroom-vrij, multifunctioneel 
microfluïdisch systeem is ontwikkeld met behulp van standaard snij- en 
schuurtechnologie, waardoor de productie van microweefsel-geladen 
microcapsules op een enkel-staps manier mogelijk is. Dit op-chip proces is 
vervolgens geëvolueerd naar een off-chip jetting-benadering, waardoor de 
productie van microweefsel-geladen microcapsules op een zeer hoge 
doorvoersnelheid (>10 ml/min) mogelijk is zonder de noodzaak tot gebruik van 
mogelijk schadelijke oliën en oppervlakteactieve stoffen. Deze in-air microfluïdische 
aanpak is ook gebruikt voor massaproductie van microweefsels in grote 
gecompartimentaliseerde hydrogels, die worden gebruikt voor de productie van 
weefsels van klinisch-relevante grote. Een veelvoud aan microweefsels zijn 
gevormd met behulp van deze beschreven microfluïdische technologieën, zoals 
menselijke mesenchymale stamcel-sferoïden, chondrocyte-sferoïden, fibroblast-
sferoïden, cholangiocyten- en cholangiocarcinoom-organoïden, lumen-vormende 
embryoide-lichamen, samentrekkende cardiosferen, en kraakbeenweefsels van 
klinisch-relevante grote. 
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Samengevat introduceert dit proefschrift de meerdere microfluïdische systemen 
voor schaalbare productie van microcapsules en microweefsels, met als doel de 
obstakels voor klinische en industriële vertaling van 3D-microweefsels weg te 
nemen.  
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Introduction 

1.1.1 Tissue engineering 

Tissue engineering is an interdisciplinary field that applies the principles of biology, 
chemistry, and engineering to fabricate biological tissue substitutes utilizing cells, 
materials, or a combination thereof. Tissue substitutes can be used for repairing or 
replacing tissues and organs, advancing drug screening capabilities, and enabling 
new insights into developmental and cellular biology.1 

Typically, cells are acquired from a donor and cultured and multiplied using culture 
flasks. In these culture flasks cells are plated on a 2D plastic surface upon which cell 
culture medium is deposited. In this way, cells can multiply in a simple manner until 
sufficient cell quantities are acquired to perform desired experiments or therapies. 

However, this conventional method of cell culture is artificial in its nature as it does 
not reflect the 3D in vivo environment. In the 3D in vivo environment, cells undergo 
intensive cell-cell contact, which is an important regulator of a plethora of 
intracellular functions. Besides cell-cell interactions, cells also adhere to their 
surrounding extracellular matrix. These adhesions are offered in a three-dimensional 
manner with low stiffnesses (kPa range), which is distinct form the x-y plane 
adhesions with high stiffness (GPa range) that are offered in plastic-adherent 2D 
cultures that associate with unnatural cell polarities. Furthermore, the 3D in vivo 
environment contains gradients of soluble factors, which do not occur in 2D 
culture.2 

The artificial simplification of the before mentioned microenvironment in a 2D 
culture plastic environment alters the cell phenotype, resulting in impaired cell 
function.3,4 While 2D cultured cells are useful for gaining basic knowledge on cell 
biology, the use of impaired behavior of cell sources are limiting the effectiveness 
of cell-based applications and obscures natural behaviors thus limiting clinical and 
industrial translation. There is therefore a need to advance cell culture towards 
biomimetic 3D environments, which can mimic the in vivo physiological conditions 
more closely and offer cell sources with less-impaired in vivo-like function. 

A common method for 3D cell culture is the encapsulation of cells within hydrogels, 
which possesses high water content and aims to mimic matrix properties of our 
tissues.5 The benefit of 3D hydrogel cultures is exemplified in that chondrocytes with 
2D culture-induce impaired function are able to be restored in its functionality 
through culture in a 3D hydrogel environment.6 Indeed, hydrogels have become a 
gold standard as a 3D cell culture environments. However, despite offering designer 
cell-matrix interactions, cell-laden hydrogels typically still only offer only limited cell-
cell interaction as the cells are homogeneously dispersed throughout the 3D 
hydrogel and require both hydrogel remodeling and cellular migration to establish 
new cell-cell contacts. While hydrogels represent an important step towards more 
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biologically relevant 3D cell cultures, an approach with more biomimetic cell-cell 
and cell-matrix interactions has remained preferred. 

1.1.2 Microtissues 

The formation and culture of 3D microtissues offers an alternative 3D cell culture 
approach that is characterized by both cell-cell and cell-matrix interactions. In 
these microtissues, cells are aggregated together in single monolithic tissues. 
Dependent on the specialized cell type or mixture of cell types, a microenvironment 
can be created that more faithfully emulates the native microenvironment of 
natural tissues.7–9 

Microtissues such as cellular spheroids and organoids have played an essential role 
in our comprehension of tissue development and homeostasis and represent an 
essential tool to understand cell-cell interdependence regarding biological 
variables such as viability, migration, and differentiation.2,8,9 Spheroids are typically 
cellular aggregates a single type of specialized cells, while organoids are 
composed of multiple cell-type that could potentially have their origin from a single 
cell source (e.g., pluripotent stem cells).10 While spheroids are often relatively 
homogeneous in nature, organoids can self-organize towards native-tissue like 
structures and therefore have an extra layer of complexity and are therefore 
argued to be more native-like for most tissue applications.10–12 

The natural design of spheroids makes this culture technique a popular approach 
for a multitude of applications in tissue engineering and drug screening, which has 
yielded various important advances. For example, spheroids have been found to 
outperform 2D cultured cells for the formation of tissues such as cartilage13–15, 
bone16, and heart muscle17, allow for the engineering of complex macroscopic 
tissue constructs18–21, and have proven to facilitate drug target discovery22–24. The 
complexity of organoids provide the ability to closely study developmental biology 
and are widely studied for personalized drug screening25–32. 

1.1.3 Technological State of the Art 

Despite the immense progress in the development of cell-based models, clinical 
and industrial translation of microtissues is currently hindered due to the limited 
scalability of the microtissue production processes. This scalability is important as 
target applications such as pharmacological screenings and cell-based 
therapeutical strategies require large amounts of microtissues. The existing 
technologies currently only offer low production rates at high microtissue quality 
(e.g., monodispersity) or high production rates at low microtissue quality. Moreover, 
all current techniques necessitate extensive manual labor, which associates with 
low cost-effectiveness, which limits clinical and industrial translation. Additionally, 
achieving consistently reproducibility at high production rates monodispersity is 
important when aiming for clinical or industrial use of microtissues owing to 
standardization benchmarks and quality assessments. Current microtissue 
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production processes are often limited in these aspects due to their reliance on 
batch production, which offer limited control or limited throughput in microtissue 
formation. Therefore, in order to unleash the clinical and industrial potential of 
microtissues, there is a unmet need for techniques offering scalable high quality 
microtissue production. 

1.2 Microtissue Production Process 

1.2.1 Batch Production 

Conventionally, microtissues have been produced with batch processes such as 
suspension, microwell, or non-adherent plate cultures. Although these methods 
often associate with poorly controlled aggregate size and shape inhomogeneity, 
microtissue production in suspension cultures can be optimized by incorporating 
complementary rotation and spinning methods33–35. While large-scale bioreactors 
are being investigated and have shown to be successful in producing large 
amounts of microtissues, it is consistently reported that free-floating microtissues 
conventionally produced inside these bioreactors tend to fuse with each and thus 
results in uncontrolled final microtissue size (Figure 1.1)36,37. This may lead to highly 
variable biological performance of produced microtissues as it is well known that 
microtissue size is critical to its biological function14,38. Not surprisingly, tight control 
over biological performance, and by extension microtissue size, is highly desirable 
for clinical and industrial translation of microtissues39. 

In contrast, aqueous compartmentalization techniques such as hanging-drop 
cultures offer more control over the size distribution by preventing microtissue 
merging, with the added benefit that no specialized equipment or reagents are 
required40,41. 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 microtissues42. These platforms represent a 
minimal and simplistic approach, that offers accurate control over microtissue size 
and shape, substantially increased throughputs, and predictable spatial placement 
of microtissues. 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 drugs43–

45 and performing of in vivo studies using small animal models13,14. However, 
although these conventional batch techniques produce hundreds to thousands of 
microtissues per batch, translation to the industrial/clinical setting of these 
technologies has been challenging46. 

In order to allow clinical and industrial translation of microtissues, requirements such 
as a high-throughput production process47, minimal batch-to-batch variation48 
have to be met. Unfortunately, aforementioned conventional batch processes such 
as low-adherent culture plates49–52, micropatterning53,54, microwells13,55–58, hanging-
drop techniques17,59–62, and bioreactors36,37 do not comply with these requirements. 
There is therefore a need to go from a batch process towards a scalable, highly  
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Figure 1.1. 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 from37,63,64. 

 
controlled continuous process as they have the inherent ability to offer greater 
throughputs. 

 

1.2.2 Continuous production: Microfluidics 

Microfluidics is extensively investigated due to its potential to revolutionize scalable 
continuous production processes of microtissues. Utilizing precise and efficient 
handling of fluids with predictable flow behavior, microfluidics can be used to 
produce micromaterials with controlled size, shape and composition in a high-
throughput continuous manner. By compartmentalizing cells in these continuously 
produced micromaterials, it is possible to produce microtissues in a highly controlled 
manner, with minimal batch-to-batch variations and, most notably, in a scalable 
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manner, making microfluidics an attractive technology for the clinical and industrial 
translation of microtissues. 

Microfluidic production of microtissues typically involves two critical 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 patterning65–68, molding on/in solid substrates66, emulsification in an 
(immiscible) liquid69–74, or atomization in a gas75–80. 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. 

Droplet emulsions are typically produced by flowing two immiscible fluids (i.e., a 
(cell-laden) water-phase and an oil-phase) in a coaxial73,74, T-junction71,72, or flow 
focusing69,70 configuration (Figure 1.2a), which can be stabilized with surfactants81. 
The discrete aqueous droplets within the emulsion can be solidified into cell-laden 
micromaterials via a wide range of mechanisms including ionic-82–84, enzymatic-64, 
photo-85–87, or thermal-crosslinking88. These cell-laden micromaterials can be 
cultured as individual living microtissues, 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 solidified89–91. The introduction of cells into the precursor solution results in either 
single-cell-laden solid microgels85,89,92, or multiple-cell-laden solid microgels90,91, 
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 important factor in the benefits of 3D cell culture93. 
Building on the principles utilized in creating solid microspheres, it is possible to 
create hollow, compartmentalized microgels by using, for example, multi-
emulsions94. By introduction of cells in the hollow compartment of core-shell 
microgels, cells are encapsulated in a manner in which cell-cell contact is enabled, 
which allows for the formation of cellular spheroids and more complex 
organoids64,95. 

The most common method for continuous droplet formation for production of the 
aforementioned cell-laden micromaterials are operated in the dripping regime. 
These systems have been shown to be successful for the fabrication of microtissues 
at typically low production rates (< 1 ml/min)96. Jetting and spraying technologies 
allow for higher throughputs (up to 100 ml/min)78, which makes them more suitable 
for scalable production of cell-laden microcapsules and microtissues96 (Figure 
1.2a,b). However, unassisted techniques such as air-induced spraying and 
electrospraying offer poor resolution control and result in polydisperse microparticle 
populations97,98 (Figure 1.2c). Therefore, efforts have been made in order to achieve 
monodisperse microparticles in the jetting regime by for instance jet cutting or by 
applying microvibrations using piezoelectric elements in both liquid-liquid with 
vibrating jet technology99–101 and liquid-air configurations in both inkjet and 
vibrating jet technology102–104, and in the spraying regime by applying (submerged) 
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Figure 1.2. 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 μm 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 microfluidics84,105–112, vibrating jet113, jet cutting103,114, 
inkjet102,104,115, air-induced spraying103,116–119, and electrospraying103,120,121. Figure adapted with permission 
from122. 

 

electromagnetic fields for both liquid-liquid electrospraying123,124 and liquid-air 
electrospraying configurations76,77,80. 

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 
separated 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 
cations78,79, 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 crosslinking. Several complex micromaterial structures 
have been produced using in-air microfluidics, such as solid microgels, core-shell 
microgels, Janus micromaterials and microfiber structures78,79. Jetting technologies 
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are starting to emerge for microtissue production as well, but are as of yet 
associated with poor microtissue size control with low resolution, again limiting 
clinical and industrial translation97,98. 

1.3 Motivation: Challenges and aim of this thesis 

1.3.1 Challenge: Towards Clinical and Industrial Translation of 3D 
Microtissues 

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 high quality microtissues in order 
to be of clinical or industrial use. While microfluidics offers scalable continuous 
microtissue production processes, it is clear that as of yet no perfect technology 
exists. Overall, it can be stated that the following requirements have to be met in 
order to truly allow clinical and industrial translation of microfluidically produced 
microtissues: 

� Continuous process, since this allows for scalability and minimal batch-to-
batch variation. 

� High throughputs to be able to produce relevant quantities of microtissues. 
� Viable cell encapsulation and microtissue formation (spheroids and 

organoids). 
� A clean process without the use of potential harmful oils and surfactants. 
� High control over produced microtissue size with high monodispersity and 

high resolution. 
� No need for complex and costly cleanroom environments to produce the 

microfluidic setup. Off-the-shelve setups would be preferable. 
� While single-purpose devices are the current standard, multi-purpose 

devices could allow for easier adaptation of microfluidic technologies. 
� Simple one-step procedures would be preferable over multi-step 

procedures. 
 
Although conventional production methods in the dripping regime allow for 
excellent control and monodisperse microparticle formation, their low production 
rates (< 1 ml/min)96 are inhibitive for clinical and industrial translation (Figure 1.2). 
Hence, innovations such as parallelization are required in order to achieve 
commercially relevant throughputs125–127. Moreover, disadvantages of the single-
use and enclosed nature of these systems limits their scalability for the production 
of microtissues128. 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.  
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In comparison with these dripping regime chip-based strategies, newly upcoming 
jetting and spraying technologies overcome the throughput challenges, but are 
currently still associated with lower microtissue size control and resolution75,97,98, 
again limiting clinical and industrial translation. While these technologies are 
already being used for simple microtissue production75,97,98, there is as of yet still no 
proof-of-concept of jetting/spraying methods to produce more complex 
microtissues such as organoids. It is therefore clear that both on-chip dripping and 
in-air jetting possess inherent challenges that have to be met in order to allow true 
clinical and industrial translation of microtissues (Table 1.1). 

 

Table 1: Comparison of dripping and jetting/spraying regime technologies. 

 Conventional on-chip 
dripping regime 
technologies69–74 

Off-chip Jetting/spraying 
regime 
technologies75,78,79,97,98 

Continuous process Yes Yes 
Throughput Low (<1 ml/min) High (1-100 ml/min) 
Spheroid production Yes Yes 
Organoid production Yes No 
Clean process Oils and surfactants 

needed 
No oils and surfactants 
needed 

Control High Low 
Microtissue 
monodispersity 

High Dependent on throughput 

Microtissue resolution High Low 
Cleanroom technology  Yes No 
Can be used multiple 
times 

No Yes 

Multi-purpose No Yes 
Single-step procedure No Yes 

 

1.3.2 Aim of this Thesis 

In brief, the aim of this thesis is to overcome the challenges accompanied with the 
use of the continuous microfluidics, which is anticipated to facilitate the clinical and 
industrial translation of 3D microtissues. As detailed in the introduction above, 
microfluidic systems in the dripping regime and the jetting/spraying regime both 
have their respective advantages and disadvantages. This thesis sets-out to 
introduce new microfluidic systems to realize the scalable production of microtissue 
in both the dripping and jetting/spraying regime to overcome the limiting 
disadvantages of each regime, while retaining their inherent advantages. 
Consequently, this thesis aims to contribute to the progress towards fulfilling the 
requirements necessary for the clinical and industrial translation of 3D microtissues. 
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1.3.3 Thesis Outline 

In the current chapter, the reader is provided with an introduction on the benefits 
of 3D microtissue culture for, for instance, tissue engineering applications. 
Challenges concerning conventional cellular microtissue production techniques 
that hamper the widespread clinical and industrial translation of microtissues are 
highlighted. Based on this chapter, the argument is made that a clean, continuous 
production processes with high throughput is needed, and the benefits and 
disadvantages of current continuous microfluidic technologies are reviewed. 

In chapter 2, a microfluidic manufacturing platform is presented that overcomes 
the before mentioned translational challenges for the use of microfluidic platforms 
in the dripping regime for continuous microtissue production. An on-the-fly 
exchangeable nozzle concept that operates in a transparent, 3D, and reusable 
microfluidic device produced without cleanroom technology is presented. This 
novel microfluidic platform allows for the controlled fabrication of multiple 
micromaterials such as solid and core-shell microspheres, microfibers, and Janus 
micromaterials. 

In chapter 3, cellular spheroids or microaggregates, are produced utilizing the 
microfluidic platform described in chapter 2. Enzymatic outside-in crosslinking of 
(cell-laden) tyramine-conjugated polymer droplets enabled single-step cellular 
spheroid production with high cytocompatibility. The use of physically controlled 
enzymatic crosslinking process improved reproducibility, operational window, and 
throughput of cell-laden microcapsule formation. 

In chapter 4, the production of organoids in a continuous manner is demonstrated. 
Produced intrahepatic cholangiocyte organoids are of similar quality compared to 
the golden standard batch process technique. The high quantity and the 
encapsulated nature allows for easy processing for scalable personalized drug 
screening. 

In chapter 5, an innovative microfluidic system is presented that overcomes the 
before mentioned translational challenges for the use of microfluidics platforms in 
the jetting regime for continuous spheroid production. Specifically, In Air 
microfluidics is explored for ultra-high throughput production of human embryonic 
stem cell-laden microcapsules for continuous microtissue production in an oil-free, 
chip-free, jet-based manner. The microcapsules provided a lumenogenic 
microenvironment for undifferentiated pluripotent embryoid bodies, while 
myocardial differentiation enabled the formation of unparalleled amounts of 
functional (i.e., contracting) cardiospheres. 

In chapter 6, the scalability of In Air microfluidic produced cellular spheroids is further 
highlighted through single step biofabrication of large in situ spheroid forming tissue 
constructs via the 3D printing of multi-compartmentalized hydrogels. Spheroid 
forming hydrogels with different complexities are achieved utilizing either handheld 
freeform bioprinting or 3D print technology. Due to the ultra-high spheroid 
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production rates it now becomes possible to produce clinical sized cellular cartilage 
tissues with excellent shape stability in a fast, clean and feasible manner. 

In chapter 7, the future perspectives concerning microfluidic hollow micromaterials 
for high-throughput cellular microtissue formation are discussed. The in this thesis 
presented microfluidic systems are discussed and compared with each other with 
regards to multiple applications in the field of tissue engineering. 
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2 
 
On-the-fly Exchangeable Microfluidic 
Nozzles for Facile Production of Various 
Monodisperse Micromaterial 

 

Microfluidic manufacturing platforms have advanced the production of 
monodisperse, shape-controlled, and chemically defined micromaterials. 
However, conventional microfabrication platforms are typically designed 
and fabricated as single-purpose and single-use tools, which limits their 
efficiency, versatility, and overall potential. We here present an on-the-fly 
exchangeable nozzle concept that operates in a transparent, 3D, and 
reusable microfluidic device produced without cleanroom technology. The 
facile exchange and repositioning of the nozzles readily enables the 
production of monodisperse water-in-oil and oil-in-water emulsions, solid 
and core–shell microspheres, microfibers, and even Janus type 
micromaterials with controlled diameters ranging from 10 to 1000 μm using 
a single microfluidic device.

  



629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo
Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024 PDF page: 28PDF page: 28PDF page: 28PDF page: 28

18 | Chapter 2 

 

2 

2 

3 

4 

5 

6 

7 

8 
 

2.1 Introduction 

Microfluidic devices offer predictable (i.e., laminar) flow behaviour, in-line 
manipulation, and monitoring of liquids.1 This control over liquids has enabled the 
production of micromaterials with controlled size, shape, and composition.2–4 
Microfluidic devices are typically produced as channels that are permanently 
formed and/or enclosed within glass or transparent polymer using a covalent 
bonding strategy such as plasma bonding, gluing, or fusing via partial melting or 
dissolving.5,6 The non-reversible nature of these conventional microfluidic device 
fabrication methods limits their use to a single specific application. In particular, 
device dimensions and surface wetting properties need to be optimized per 
application, with little to no flexibility for efficient adaptation to other applications.7,8 
Conventional microfluidic devices are also inefficient during design optimization 
strategies, as their non-adaptable nature hampers swift iterations towards a 
functional device. On top, conventional microdevices are considered as single-use 
disposables. Cleaning difficulties of permanently bonded devices contributes to 
significant wastage of (e.g., clogged) chips, which is highly cost-inefficient 
considering the high-end materials, skilled personnel, and advanced lithographic 
infrastructure that are typically required for manufacturing of microfluidic devices. 
These limitations have jointly been hampering the rapid and widespread adoption 
of microfluidic technologies into other scientific disciplines as well as translation into 
clinical and industrial applications.9,10  

Opportunely, microfluidic devices with on-demand adaptable channels represent 
a straightforward flexible solution to expand the versatility and efficiency of 
microfluidic devices. Reusable ‘off-the-shelf’ microfluidic devices made from plastic 
parts and steel needles have been explored to this end. These devices have been 
successfully used for flow focusing applications,11 generation and splitting of water-
in-oil (W/O) droplets,12,13 and liposome generation.14 However, the nontransparent 
nature of current devices impaired the direct monitoring that is required for 
controlled droplet formation and manipulation processes. Nozzle positioning has, 
for example, a major effect on the droplet size.15 Furthermore, microfluidic device 
transparency is critical for the on-chip photocrosslinking of various polymers.16 The 
pressing need for on-the-fly adoptable microfluidic devices is furthermore reflected 
by the recent development of several modular microfluidic systems.17–20 Regardless 
of their promise, current adaptable microfluidic devices are not yet readily 
compatible with the production of solid micromaterials.  

In this work, we demonstrate the fabrication of monodisperse micrometer-sized 
droplets, beads, and fibers using a fully transparent multifunctional 3D microfluidic 
device with exchangeable nozzles. The microfluidic device was manufactured 
without cleanroom technology and could be configured on-the-fly to operate in a 
T-junction, coaxial flow, and flow focusing manner. Combining this multifunctional 
microfluidic production platform with various classes of in situ crosslinkable polymers 
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Figure 2.1. Schematic concept of exchangeable nozzles within a multifunctional 3D microfluidic device for 
versatile monodisperse micromaterials production. Sealed connections between the device, tubing, and 
nozzles enable the on-the-fly exchange of nozzles. This allows for the on-demand switching between nozzles 
with different diameters, hydrophobicity, absorbance, and complexity. Furthermore, the nozzle placement 
can be temporally controlled to switch between T-junction, co-flow, and flow-focusing configurations. The 
multifunctional nature of this microfluidic device enables facile tuning towards the fabrication of various 
micromaterials including microspheres and microfibers. 

 

enabled the straightforward micromanufacturing of myriad micromaterials with 
controlled size, shape, composition, and complexity (Figure. 2.1). 

2.2 Materials and Methods 

2.2.1 Materials 
Polymethylmethacrylate (PMMA) and O-rings (Viton, #1: inner diameter 0.74 mm, 
outer diameter 2.78 mm, #2: inner diameter 1.07 mm, outer diameter 3.61 mm) were 
provided by the University of Twente. Fluorinated ethylene propylene tubing (FEP, 
inner diameter 500 μm, outer diameter 1/16”) was purchased from IDEX Health & 
Science. Polyimide-coated fused silica capillaries (TSP type, various inner diameters, 
outer diameter 360 μm) were purchased from Polymicro Technologies. Borosilicate 
capillaries (inner diameter 700 μm, outer diameter 870 μm were purchased from CM 
Scientific. Quick-set epoxy adhesive (RS 850-956) was purchased from RS 
Components. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow 
Corning. Silicone tubing (inner diameter 310 μm, outer diameter 640 μm) was 
purchased from Helix Medical. Abrasive (Cif) was purchased from Unilever. 
Fluorinated silane (Aquapel) was purchased from Vulcavite. Hexadecane, Span 80, 
sodium dodecyl sulphate (SDS), phosphate-buffered saline (PBS), horseradish 
peroxidase (HRP; type IV), H2O2 (with inhibitor), acetic acid, polyethylene glycol 
diacrylate (PEGDA; 575 Da), 2- Hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (I2959), polyethylene glycol (PEG; 12 kDa), CaCl2, and 
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dextran-FITC (2000 kDa) were purchased from Sigma-Aldrich / Merck. Dextran-
tyramine (Dex-TA; ~20 kDa) with 15 tyramine moieties per 100 repetitive units was 
synthesized as previously described.35 Alginate (80 to 120 cP) and catalase (from 
bovine liver) were purchased from Wako Chemicals. CaCO3 nanoparticles were 
purchased from Nanomaterials Technology. Red fluorescent particles (0.6 μm 
polystyrene Fluoro-Max) were purchased from Thermo Fisher Scientific.  

2.2.1 Microfluidic device production and operation  
The microfluidic device was designed using SolidWorks software and manufactured 
by cutting using a belt saw and drilling using a column drill. Drilling was done at a 
relatively low rotational frequency (<1000 rpm) in the presence of concentrated 
soap (Dreft, Procter & Gamble) solution to prevent cracking of the PMMA. To 
recover transparency, the inside of the device was polished by pulling a knotted 
cotton thread soaked in abrasive through the center channel. Nozzles were 
manufactured by hand-cutting fused silica or borosilicate capillaries using a 
tungsten-carbide glass cutting knife. Optionally, the nozzles were chemically or 
physically modified as follows. Hydrophobic nozzles were produced by oxygen 
plasma treatment (PDC-002, Harrick Plasma) for 1 minute at (21% O2, 30 W, 0.2 mbar) 
followed by coating with fluorinated silane solution. UV-transparent nozzles were 
produced by flaming off the fused silica capillary’s polyimide coating. Absorbance 
of 365 nm light was measured using an optical power meter (1916-C with 818-ST-UV 
sensor, Newport). The nozzles were either glued into tubing using quick-set epoxy 
adhesive or inserted in tightly fitting silicone tubing that self-sealed to the nozzle 
through hydrophobic interactions. Multi-bore nozzles were fabricated by gluing 
multiple fused silica capillaries into a borosilicate capillary using PDMS. Tubing and 
nozzles were sealed to the microfluidic device using tight-fitting O-rings. Tubing was 
connected to syringes (Gastight, Hamilton) that were controlled by low-pressure 
syringe pumps (neMESYS, Cetoni). On-the-fly nozzle exchange was performed by 
sequentially pausing the syringe pump, pulling out the original nozzle, inserting a 
distinct nozzle, starting the syringe pump, and recalibrating the flow rate to obtain 
a Capillary number at which stable droplet production was achieved. For droplet 
production, typical dispersed flow rates for the 75, 200, and 700 μm nozzles were 5, 
30, and 200 μl/min, respectively. Total flow rates can be calculated from the 
capillary numbers as plotted in Figure 3. 

2.2.2 Micromaterial production:  
To produce microemulsions, water or water with 5% (w/v) Dex-TA was emulsified in 
hexadecane with 1% (w/v) Span 80 using a pristine or hydrophobic fused silica 
nozzle in T-junction, coaxial flow, or flow focusing configuration. Alternatively, 
hexadecane was emulsified in water with 1% (w/v) SDS using a pristine or 
hydrophobic fused silica nozzle in flow focusing configuration. To produce all-
aqueous two-phase flows, water with 1% (w/v) alginate was injected in water with 
30% (w/v) PEG using a combination of a pristine fused silica nozzle (inlet) in 
combination with a borosilicate glass nozzle in coaxial flow and flow focusing 
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configuration, respectively. To produce solid Dex-TA microspheres, 5% (w/v) Dex-TA 
and 25 U/ml HRP in PBS was emulsified in hexadecane with 1% (w/v) Span 80 using 
a hydrophobic fused silica nozzle in flow focusing configuration connected to a 
silicone tubing. The silicone tubing was submerged in 30% (w/w) H2O2, which 
diffused through the silicone and the oil phase into the Dex-TA precursor 
microemulsion, thereby inducing the enzymatic crosslinking of the tyramine-
conjugated polymer to yield Dex-TA microspheres, as previously described.21 To 
produce core-shell Dex-TA microspheres, the protocol for solid Dex-TA microspheres 
was used, but with addition of 83000 U/ml catalase to the hydrogel precursor 
solution. To produce PEGDA microspheres, 25% (v/v) PEGDA and 0.25% (w/v) I2959 
in water was emulsified in hexadecane with 1% (w/v) Span 80 using a hydrophobic 
polyimide-coated fused silica nozzle in flow focusing configuration connected to a 
silicone tubing. The microfluidic device was placed under a UV light source (365 nm, 
~50 mW/cm2; LC8 Lightningcure L9588, Hamamatsu), enabling the on-chip 
photocrosslinking of the microemulsion into PEGDA microspheres. Emulsions were 
broken by multiple hexadecane washes (i.e., to reduce the concentration of Span 
80 surfactant) in the presence of water or PBS. To produce alginate microparticles, 
a solution of 0.5% (w/v) alginate and 1 g/l CaCO3 in water was emulsified in a 50/50 
hexadecane/mineral oil mixture with 1% (w/v) Span 80, and subsequently injected 
in the same oil solution supplemented with 2 μl/ml acetic acid using a combination 
of a pristine fused silica nozzle and a hydrophobic fused silica nozzle in coaxial and 
flow focusing configuration. Diffusion of the acid through the intermediate oil flow 
enabled controlled dissolution of the CaCO3 into Ca2+ that induced the ionic 
crosslinking of alginate. To produce alginate microfibers, water with 1% (w/v) 
alginate was injected in water with 30% (w/v) PEG, which was focused by a flow of 
water with 30% (w/v) PEG and 100 mM CaCl2 using a combination of a pristine fused 
silica nozzle (inlet) in combination with a borosilicate glass nozzle in coaxial flow and 
flow focusing configuration, respectively. Diffusion of the Ca2+ ions through the 
intermediate PEG flow enabled controlled ionic crosslinking of the alginate, resulting 
in smooth alginate microfibers. Replacing the single-core inlet nozzle by a multi-core 
inlet nozzle enabled the formation of a multimaterial Janus type alginate microfiber. 

2.2.3 Staining, visualization, and image analysis  
On-chip multiphase flows were visualized using a stereomicroscope setup (Nikon 
SMZ800 equipped with Leica DFC300 FX camera). Collected micromaterials were 
imaged using standard phase contrast microscopy. Alginate microfibers were 
stained by adding fluorescent particles and/or dextran-FITC and visualized using 
fluorescence microscopy (EVOS FL, Thermo Fisher Scientific). Size distribution analysis 
of droplets and particles was done using ImageJ software. The droplet production 
rate (fdroplet) in Hz was determined from a microscopic timelapse recording of the 
droplet generator. 

2.2.4 Statistics 
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All droplet diameters were determined from at least 30, 30, and 5 samples for the 75 
μm, 200 μm, and 700 μm nozzles, respectively, and were reported as the average ± 
standard deviation or as a histogram with the coefficient of variation (CV = 
standard deviation / average). The relative transmissions in Figure 4e and Figure S1 
were determined from at least three measurements and reported as the average ± 
standard deviation. The droplet frequencies in Figure 4g for t=0-30 s were 
determined from 3 samples and for t=30-300 s from one sample, and (where 
possible) reported as the average ± standard deviation. All micromaterials 
diameters were determined based on at least 12 samples and reported as a 
histogram with the CV. All linear regression analyses were performed in 
OriginPro2016. 

2.2.5 Schematics 
All graphs were made using OriginPro 2016 software. All schematics were made 
using Solid Works 2017, Adobe Illustrator CS6, and Microsoft PowerPoint software 
CorelDRAW X7 software. 

 

2.3 Results and Discussion 

2.3.1 Design and fabrication of multifunctional microfluidic device 
with exchangeable nozzles 
The microfluidic device design consisted of a center channel and two side channels 
that essentially formed two serially connected T-junctions (Figure 2.2a). This design 
was compatible with the user-defined assembly of a variety of nozzles into the three 
most used nozzle configurations, namely T-junction, coaxial flow, and flow focusing, 
and thus acted as a universal platform for the fabrication of a variety of 
micromaterials. The device was fabricated in polymethylmethacrylate (PMMA), as 
this material is transparent, widely available, and biocompatible, but also 
mechanically robust while easily adaptable using standard cutting and abrasion 
methods. Channels were micromilled in the presence of concentrated soap 
solution that acted as a coolant and prevented heat induced cracking of the 
PMMA, resulting in precise and highly reproducible microfluidic device fabrication 
(Figure 2.2b).22 Channels were measured to be 0.9 mm in diameter, which allowed 
for the insertion of a wide variety of commercially available capillaries. The device 
inlets and outlets consisted of 1.6 mm wide holes that enabled the insertion of 1/16″ 
(i.e., ∼1.59 mm) outer diameter tubing, which is commonly used in microfluidic 
applications. After micromilling, the transparency of the center channel was 
increased by >2.5-fold through abrasion using a knotted thread and polish (Figure 
2.2c and S2.1). Fused silica capillaries were selected as nozzles, as they are readily 
available with inner diameters ranging from 2 ± 1 to 700 ± 10 μm and outer diameters 
ranging from 90 ± 6 to 850 ± 20 μm, thus nearly spanning the entire micrometer 
regime. Furthermore, fused silica capillaries can be pre-coated with, for example, a  
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Figure 2.2. Engineering a microfluidic device with exchangeable nozzles. (a) Computer-aided design (CAD) 
of the multifunctional 3D microfluidic device. The device was fabricated in PMMA using standard (b) cutting 
(i.e., sawing and drilling) and (c) abrasion (i.e., polishing) techniques. (d) Tubing and nozzles were sealed to 
the PMMA device using rubber O-rings that auto-aligned inserted nozzles. The adaptable nature of the 
microfluidic device enabled the straightforward generation of water-in-oil and all-aqueous two-phase flows 
using (e) T-junction, (f) coaxial, (g) flow focusing, and (h) coaxial / flow focusing nozzle configurations. Scale 
bars indicate 350 μm. 

 
polyimide layer to improve durability and provide UV-protection. Exchangeable 
nozzles were fabricated by gluing a fused silica capillary into 1/16″ tubing (i.e., for T-
junction and coaxial flow) or by inserting it into silicone tubing (i.e., for flow focusing), 
which acted as outlet tubing (Figure S2.2). The transparent and semi-permeable 
nature of the silicone outlet tubing enabled in-line monitoring, photo-irradiation of 
the flowing materials, and diffusion-based delivery of small molecules such as 
reactive hydrogen peroxide to induce or control chemical reactions.23 The 
microfluidic device inlets and outlets were partially widened to hold elastic O-rings 
that formed liquid tight seals and ensured centering of the exchangeable nozzles 
and/or tubing in the microfluidic device's channels. Optionally, a borosilicate glass 
capillary spacer was used to enable sealing of the silicone tubing into the device. 
As expected, the PMMA device and rubber O-rings enabled the facile connection 
of tubing and fused silica nozzles in various configurations, as confirmed by 
successful demonstration of W/O emulsification using T-junction, coaxial, and flow 
focusing modes, as well as the formation of a focused aqueous two-phase coaxial 
flow (Figure 2.2d–h). 
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2.3.2 Expanding the microfluidic droplet production regime using 
exchangeable nozzles 
Microfluidic droplets can be leveraged as templates for the controlled fabrication 
of microspheres.24 The size of such microfluidic-generated materials strongly 
depends on the nozzle width, the flow ratio of the dispersed and continuous phases, 
and (for droplet and particles) the capillary number of the continuous phase Ca = 
ηcνc/γ, where ηc is the viscosity of the continuous phase, νc is the average velocity 
of the continuous phase, and γ is the interfacial tension between the dispersed and 
continuous phases.25 Tuning the flow rates of the dispersed and continuous phases 
is thus a potent strategy to control the droplet size. However, stable production of 
monodisperse droplets is limited to the squeezing and dripping regimes.26,27 
Therefore, droplet size can only be fine-tuned within a relatively small regime, 
typically limited to an order of magnitude in diameter.28–30 We hypothesized that 
the production regime of a single microfluidic device could be significantly 
expanded in terms of droplet size by controlling the nozzle diameter on-the-fly. To 
demonstrate this, our microfluidic device was successively equipped with three 
different nozzles (Dnozzle = 75, 200, 700 μm) during a continuous experiment. On-the-
fly exchange of the nozzles readily enabled the production of monodisperse 
microdroplets with diameters exceeding an order of magnitude, as demonstrated 
by emulsification of water in a 1% Span 80 containing hexadecane solution (Figure. 
2.3a). The rubber O-rings enabled facile and swift nozzle exchange by 
guaranteeing instant sealing and auto-centering of the nozzles, which allowed for  
the switching between different droplet size production regimes in less than a 
minute (Figure 2.3b, Movie S2.1). As expected, with every nozzle the droplet size 
could be fine-tuned by controlling the capillary number. Specifically, increasing the 
capillary number by increasing the continuous phase flow rate resulted in reduction 
of the droplet size (Figure 2.3c–e). Furthermore, the exact position of nozzles 
significantly affected the droplet production regime, which could be uniquely 
simultaneously fine-tuned and monitored through on-the-fly repositioning of the 
nozzles within our transparent microfluidic device (Fig. S3). Microdroplets over the 
entire size regime were characterized by a monodisperse size distribution as 
confirmed by coefficients of variation CV < 5%. (Fig. 3f). Similar size control was 
achieved with all-aqueous two-phase co-flows, which is key for the microfabrication 
of, for example, microfibers with controlled diameters (Fig. S4). 

2.3.3 Chemical and physical nozzle tuning for micromaterial 
production 
Controlling microfluidic nozzle wettability is key to achieve successful generation of 
droplets. The fused silica nozzles used in this work contain siloxane bridges that bind 
water via chemisorption to form silanol groups, which adsorb polar compounds 
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Figure 2.3. Characterization of microdroplets production with on-the-fly nozzle exchange. (a) Coaxially 
flowing water in oil using nozzles with different inner diameters enabled the formation of droplets with 
diameters spanning more than an order of magnitude. (b) Switching between two stable droplet 
production size regimes by exchanging the nozzle was achieved within one minute. (c–e) Per nozzle, the 
droplet size was fine-tuned by tuning the flow rate of the continuous phase and thereby the capillary 
number. (f) All nozzles were compatible with the production of monodisperse (CV < 5%) droplets. Scale bars 
indicate 350 μm. 

 

including water molecules allowing it to act as a hydrophilic surface.31 
Consequently, fused silica is inherently hydrophilic in its native state, which was 
confirmed by contact angle measurements (θ = 27 ± 5°) using the capillary rise 
method (Figure 2.4a).32 Fused silica nozzles were therefore readily compatible with 
production of oil-in-water (O/W) emulsions such as hexadecane in a 1%  
sodium dodecyl sulphate (SDS) containing water solution. However, the nozzles' 
hydrophilic nature also hampered the stable formation of W/O emulsions. 
Moreover, aqueous wetting of fused silica was exacerbated in the presence of 
water-soluble polymers such as dextran, which hindered the formation of 
microsphere precursor droplets (Figure 2.4a). To enable polymer microsphere 
formation through microfluidic emulsion templating using our microfluidic platform, 
fused silica nozzles were deactivated by chemically coupling fluorinated silane to 
the available silanol groups (Figure 2.4b). The fluorinated fused silica nozzles were 
significantly less hydrophilic (θ = 52 ± 2°) than pristine fused silica nozzles and were 
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Figure 2.4. Chemical and physical optimization of exchangeable nozzles to enable the processing of 
polymers solutions. (a) Pristine fused silica nozzles were hydrophilic, which readily enabled the formation of 
O/W emulsions, but impaired the formation of polymer-laden W/O emulsions such as dextran solution in 
hexadecane. (b) Chemically treating the fused silica with fluorinated silane (c) resulted in less hydrophilic 
nozzles that were compatible with the production of polymer-laden W/O emulsions. (d and e) Alternatively, 
fused silica (FS) nozzles could be physically modified with a UV-protective polyimide (PI) coating to prevent 
nozzle clogging during processing of photocrosslinkable polymers. (f) The polyimide coating reduced the 
relative UV transmission by more than 4-fold and enabled (g and h) continuous and stable production of 
photocrosslinked polymer microspheres under UV irradiation by preventing nozzle clogging (i) over a wide 
range of UV intensities as compared to non-coated nozzles. Nozzle clogging, incomplete PEGDA 
photocrosslinking, and complete PEGDA photocrosslinking are indicated with red, blue, and green squares, 
respectively. Scale bars indicate 200 μm. * indicates significance with p < 0.01. 

 

proven to be compatible with the W/O emulsification of 5% dextran solution (Figure 
2.4c). Besides chemical modification, exchangeable nozzles could also be 
physically optimized for the processing of polymer precursor solutions. For example, 
selectively modifying the optical properties of nozzles offers the possibility to 
optimize the microfluidic system for processing photocrosslinkable polymers. An 
ongoing challenge in on-chip photocrosslinking strategies is microfluidic channel 
clogging due to photocrosslinking of polymers by strayed UV light.33–35 To overcome 
UV-induced clogging, we exchanged the conventionally used glass or borosilicate 
capillaries by polyimide-coated fused silica capillaries that acted as UV-protected 
nozzles (Figure 2.4d,e). Absorption spectrometry confirmed that polyimide-coated 
nozzles absorbed significantly more UV light (λ = 365 nm) than pristine fused silica 
nozzles (Fig. 4f). Advantageously, the polyimide-coated nozzles enabled the 
continuous and stable on-chip production of polyethylene glycol diacrylate 
(PEGDA) microdroplets in the presence of UV light, while the pristine nozzle mainly 
associated with clogging (Figure 2.4g,h). Moreover, the use of polyimide-coated 
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nozzles significantly widened the operational window for the production of 
completely photocrosslinked PEGDA microspheres (Figure 2.4i). 

2.3.4 On-demand fabrication of a wide variety of micromaterials 
To demonstrate the universal nature of the microfluidic device, it was combined 
with a variety of nozzles in different configurations to produce various different 
classes of micromaterials. To this end, several combinations of distinct (i) polymers 
(natural and synthetic); (ii) crosslinking mechanisms (chemical and physical); (iii) 
morphologies (spherical and fiber); and (iv) complexities (isotropic solid, Janus 
solid, and core–shell) were produced (Figure 2.5). A flow focusing configuration of 
a fluorinated fused silica nozzle enabled the stable production of isotropic solid 
and core–shell dextran microspheres (Figure 2.5a). Specifically, a mixture of 
dextran–tyramine (Dex–TA) and horseradish peroxidase (HRP) was emulsified with 
hexadecane that contained Span 80, and flown through a semi-permeable 
silicone tubing that was submerged in H2O2. Diffusion-based supplementation of 
H2O2 into the polymer droplets initiated the enzymatic crosslinking of the tyramine 
moieties resulting in the formation of monodisperse dextran microspheres.23 Core–
shell microspheres were produced by adding the H2O2 consuming enzyme 
catalase to the polymer solution,36,37 which prevented crosslinking of the droplet 
center. A polyimide-coated capillary in coaxial flow mode was used as a UV-
shielded nozzle to demonstrate the stable production of photocrosslinked PEGDA 
microspheres (Figure 2.5b). Acrylate moieties of PEGDA can be covalently 
coupled through free-radical polymerization upon irradiation of a photoinitiator 
such as 2-hydroxy-4′-(2-hydroxyethoxy)-2- methylpropiophenone (I2959). 
Straightforward W/O emulsification of a PEGDA and I2959 containing solution using 
a UV-irradiated coaxial flow nozzle resulted in the stable and clog-free formation 
of monodisperse PEGDA microspheres. A combination of coaxial flow and flow 
focusing was used to generate alginate microspheres (Figure 2.5c). Specifically, 
this nozzle arrangement enabled the formation of a laminar three-layered co-flow 
of CaCO3 nanoparticles in alginate, Span 80 in hexadecane, and Span 80 and 
acetic acid in hexadecane. The alginate droplets were ionically crosslinked using 
divalent calcium cations, which were released upon the acid-induced dissolution 
of CaCO3.38 The middle oil flow acted as a liquid barrier between the CaCO3 and 
the acetic acid, which prevented clogging of the microfluidic device. Alginate 
microfibers were produced using the same nozzle configuration by co-flowing 
solutions of alginate, polyethylene glycol (PEG) and CaCl2. The middle PEG flow 
acted as a liquid barrier between the divalent calcium ions and the alginate, 
which prevented microfluidic device clogging. Inserting a multibore nozzle readily 
provided an extra level of complexity, as demonstrated by the production of 
Janus type microfibers (Figure 2.5c and S2.5). 
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Figure 2.5. Various examples of monodisperse micromaterials produced using the multifunctional 3D 
microfluidic device with different optimized nozzle configurations. (a) Flow focusing an enzymatically 
crosslinkable Dex-TA and HRP containing solution (1) in hexadecane with Span 80 (2) using a fluorinated 
fused silica nozzle enabled the production of monodisperse solid dextran-based microspheres. (b) 
Coaxially flowing a photocrosslinkable PEGDA and I2959 containing solution (1) in hexadecane with Span 
80 (2) using a polyimide-coated fused silica nozzle enabled the production of monodisperse PEG-based 
microspheres. (c) Focusing coaxially flowing alginate (1) and PEG (2) containing solutions in a calcium 
chloride containing solution (3) using a combination of single and multi-bore capillaries enabled the 
production of monodisperse simple and Janus type microfibers. Scale bar indicates 200 μm. 

 

2.4 Conclusion 

Microfluidic platforms for micromaterial production typically rely on permanently 
enclosed single-use devices with limited operational freedom. In this work, we 
presented a re-usable microfluidic device with disposable exchangeable nozzles, 
which enabled the controlled production of a wide variety of micromaterials. The 
device was fabricated in PMMA using standard cutting and abrasion methods that 
do not demand clean-room infrastructures. Reversible exchange of the tubing, 
nozzles, and device was enabled in a rapid, straightforward, and leak-free manner. 
On-the-fly nozzle exchange enabled the continuous generation of microfluidic 
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products over a size range far exceeding the production limits of conventional fixed 
nozzle devices. Furthermore, nozzle exchange readily allowed for the tuning of 
surface wetting properties, which enabled swift iteration towards functional 
micromanufacturing protocols for various materials. Various nozzle configurations, 
materials, and crosslinking methods have been efficiently and successfully 
combined to demonstrate the user-friendly manufacturing of a myriad of 
micromaterials. Uniquely, equipping the transparent microfluidic device with UV-
protected nozzles enabled the stable production of photocrosslinked polymer 
microspheres. The universal and facile nature of the transparent 3D microfluidic 
device with exchangeable nozzles is expected to facilitate the controlled 
production of micromaterials, thereby aiding its widespread adoption. 
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2.5 Supplementary Information 

 

Figure S2.1. Polished versus unpolished microfluidic device channels. Polishing the PMMA based microfluidic 
device significantly increased transparency, thereby enabling on-chip monitoring of the nozzle. * indicates 
significance with p<0.0001. 

 

 

Figure S2.2. Exchangeable nozzle assembly. To assemble an exchangeable nozzle, a fused silica capillary 
was inserted into a silicone tubing, which was inserted into a glass capillary spacer. 
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Figure S2.3. On-the-fly fine-tuning of nozzle position controls droplet size. All microphotographs were taken 
during emulsification of water (10 μl/min) in hexadecane with 1% Span 80 (100 μl/min) using a 150 μm nozzle 
in T-junction configuration. The size of droplets was largely determined by the position of the nozzle within 
the channel. On-the-fly nozzle repositioning within a transparent microfluidic device thus enables the swift 
iteration towards a functional droplet generator that operates within the desired production regime. Scale 
bars indicate 500 μm. 

 
Figure S2.4. All aqueous two-phase flow generation control. The diameter of alginate flow and resulting 
microfibers could be linearly (R2=0.99) controlled by the ratio of alginate to the total flow rate. Scale bar 
indicates 700 μm. 
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Figure S2.5. Assembly and operation of multibore nozzle for the production of Janus micromaterials. (a) 
Schematic overview, (b) photograph, and (c) scanning electron microscopy image of the multibore nozzle 
assembly that was used to generate (d) focused multiphase aqueous co-flows for the production of Janus 
type microfibers. Red scale bar indicates 1 cm. White scale bar indicates 200 μm. Black scale bar indicates 
1 mm. 

 

 
Movie S2.1 (still). On-the-fly nozzle exchange allows for a switch in droplet size production regime within 1 
minute. t = 0-10s: droplets are produced using a nozzle with a diameter of 200 μm. t = 10s: flow is paused. t 
= 13s: 200 μm diameter nozzle is retracted. t = 25s: nozzle with a diameter of 75 μm is inserted. t = 35s: flow is 
restarted. t = 40-50s: flow rates are adjusted. t = 52s: stable droplet production achieved with 75 μm nozzle. 
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3 
 
Enzymatic Outside-In Cross-Linking Enables 
Single-Step Microcapsule Production for High-
Throughput Three-Dimensional Cell 
Microaggregate Formation 

 

Cell-laden hydrogel microcapsules enable the high-throughput production 
of cell aggregates, which are relevant for three-dimensional tissue 
engineering and drug screening applications. However, current 
microcapsule production strategies are limited by their throughput, 
multistep protocols, and limited amount of compatible biomaterials. We 
here present a single-step process for the controlled microfluidic production 
of single-core microcapsules using enzymatic outside-in cross-linking of 
tyramine-conjugated polymers. It was hypothesized that a physically, 
instead of the conventionally explored biochemically, controlled 
enzymatic cross-linking process would improve the reproducibility, 
operational window, and throughput of shell formation. Droplets were 
flown through a silicone delay line, which allowed for highly controlled 
diffusion of the enzymatic cross-linking initiator. The microcapsules' cross-
linking density and shell thickness is strictly depended on the droplet's 
retention time in the delay line, which is predictably controlled by flow rate. 
The here presented hydrogel cross-linking method allows for facile and 
cytocompatible production of cell-laden microcapsules compatible with 
the formation and biorthogonal isolation of long-term viable cellular 
spheroids for tissue engineering and drug screening applications. 
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3.1 Introduction 

The field of microfluidics has emerged as a powerful platform for the manufacturing 
of advanced micromaterials. The possibility to manipulate liquids using predictable 
flows allows for the production of cross-linkable droplets with controlled size, shape, 
and composition for biomedical applications1–4. For example, microfluidic droplet 
generation has been leveraged for the production of hollow core-shell micrometer-
sized hydrogels (i.e. microcapsules). The microcapsules’ hollow compartment can 
be used for controlled aggregation of cells into three-dimensional (3D) microtissues 
such as organoids and microaggregates5–11. 

Cellular microaggregates offer numerous advantages for tissue engineering and 
drug screening strategies owing to their 3D biomimetic design, which enhances 
cellular functions in comparison with conventional two-dimensional monolayer 
cultures12–14. For example, microaggregates have been reported to improve stem 
cell differentiation, facilitate drug target discovery, and enable engineering of 
macroscopic tissue constructs15–19. Cell microaggregates were originally generated 
using flat non-adherent tissue culture plates, which resulted in microaggregates of 
polydisperse sizes owing to the lack of geometrical control during the cells’ self-
assembly process20. Consequently, U-shaped multiwell plates21, conical tubes22, 
hanging drops22, and microwells18,19,23 have been developed to yield monodisperse 
spherical microaggregates. However, the inefficient and batch-type nature of 
these production methods only offered limited quantities of microaggregates, 
which has hindered their upscaling to industrial and clinical production scales. 

In recent years, various microfluidic processes have been explored for the 
continuous production of monodisperse cell-laden microcapsules5–11. Despite 
significant progress, the microfluidic production of microcapsules has remained a 
complex, inefficient, and labor intensive process, which has hampered its 
widespread adoption. Specifically, a multistep process has been used in which a 
sacrificial microgel is produced, coated with distinct biomaterial, and subsequently 
turned into a microcapsule by enzymatic degradation of the sacrificial core9,11. 
Other methods are, for example, based on multiple emulsion strategies or multistep 
formation of external shells via layer-by-layer assembly of positively and negatively 
charged polyelectrolytes5,7,11. Moreover, most of these approaches have relied on 
the ionic cross-linking of alginate, which can be unstable owing to the inherently 
reversible nature of this physical cross-link and the gradual loss of divalent ions from 
the cross-linked biomaterial24. More straightforward single-step microcapsule 
production methods have been developed based on competitive enzymatic cross-
linking of phenolic compounds. Specifically, tyramine-functionalized polymers 
droplets can form microcapsules by preventing enzymatic cross-linking of the core 
using the H2O2 (i.e. cross-linking initiator) consuming enzyme catalase25–27. Although 
monodisperse microcapsules were produced in a single cytocompatible step, 
competitive enzymatic cross-linking remains a delicate biochemical process that 
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depends on balanced activities of cross-linking inducing and inhibiting enzymes, 
which results in a suboptimal production process (i.e. encapsulation efficiency and 
shell thickness), restricted level of cross-linking tunability, and limited rate of 
production. Previously, gradients of H2O2-initiated enzymatic cross-linking were 
observed across semipermeable silicone microfluidic channels28. We hypothesized 
that such cross-linker gradients could be leveraged for the continuous microfluidic 
formation of microcapsules in the absence of a polymerization inhibitor, thereby 
providing more control over the reproducibility, operational window, and 
throughput of microcapsule production than conventional competitive enzymatic 
cross-linking platforms. 

In this study, we present a single-step microfluidic strategy that enabled the high-
throughput production of monodisperse hydrogel microcapsules via enzymatic 
outside-in cross-linking of tyramine-conjugated polymer droplets. Outside-in cross-
linking was achieved by supplementing hydrogel precursor droplets with the 
enzymatic cross-linking initiator H2O2 via diffusion through a semipermeable silicone 
tubing. This method, which involves only a single enzymatic reaction, provided 
control over the shell thickness and facilitated microcapsule optimization for cell 
encapsulation. Specifically, dextran-based microcapsules were fine-tuned to 
enable the cytocompatible encapsulation, aggregation, long-term culture, and 
on-demand release of mesenchymal stem cells. 

3.2 Materials and Methods 

3.2.1 Materials 
Dextran-tyramine (Dex-TA; ~20 kDa) was synthesized as previously described 29. The 
resulting Dex-TA contained 14 tyramine moieties per 100 repetitive units. N-
hexadecane, Span 80, horseradish peroxidase (HRP; type IV), hydrogen peroxide 
(H2O2; with inhibitor), dextran-FITC (10-2000 kDa), fetal bovine serum (FBS), ascorbic 
acid, iodixanol (Optiprep), calcein AM, ethidium homodimer-1 (EthD-1), Triton X-
100, dexamethasone, proline, buffered formalin, and dextranase from penicillium 
sp. were purchased from Sigma-Aldrich / Merck. 4′,6-diamidino-2-phenylindole 
(DAPI) was purchased form Thermo Scientific. Minimal essential medium α with 
nucleosides(α-MEM), penicillin, streptomycin, L-glutamine, and trypsin-EDTA were 
purchased from Gibco. Phosphate-buffered saline (PBS) was purchased from 
Lonza. Basic fibroblast growth factor (ISOKine bFGF) was purchased from 
Neuromics. Phalloidin-AF488 was purchased from Molecular Probes. Catalase (from 
bovine liver) were purchased from Wako Chemicals. Polymethylmethacrylate 
(PMMA) microfluidic chip was produced as previously described 27. 
Polymethylmethacrylate (PMMA) and O-rings (#1: inner diameter 0.74 mm, outer 
diameter 2.78 mm, #2: inner diameter 1.07 mm, outer diameter 3.61 mm) were 
purchased by Viton. Fluorinated ethylene propylene tubing (FEP, inner diameter 500 
μm, outer diameter 1/16”), Gastight syringes (Hamilton), and connectors were 
purchased from IDEX Health & Science. Polyimide-coated fused silica capillaries 
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(TSP type, various inner diameters, outer diameter 360 μm) were purchased from 
Polymicro Technologies. Borosilicate capillaries (inner diameter 700 μm, outer 
diameter 870 μm were purchased from CM Scientific. Silicone tubing (inner 
diameter 300 μm, outer diameter 640 μm, thickness 170 μm) was purchased from 
Helix Medical. Abrasive (Cif) was purchased from Unilever. Fluorinated silane 
(Aquapel) was purchased from Vulcavite. Low-pressure syringe pumps (neMESYS) 
were purchased from Cetoni. 

3.2.2 Microfluidic Chip Production 
A 3D microfluidic glass capillary device was used to produce droplets as described 
by Kamperman et al. 27 In short, a polymethylmethacrylate (PMMA) device was 
fabricated using standard cutting and abrasion methods. Fused silica capillaries 
with an inner diameter of 200 μm were used as nozzles in a flow focusing setup. 
These nozzles were fabricated by inserting it into silicone tubing which has a 
transparent and semi-permeable nature, enabling in-line monitoring and diffusion-
based delivery of small molecules such as reactive H2O2 to induce or control 
chemical reactions. 

3.2.3 Hydrogen Peroxide Diffusion 
First, a 0.5X 3,3’-diaminobenzodine (DAB) solution containing 20 U/ml of HRP was 
flown through a silicone tube in a hydrogen peroxide diffusion bath at a rate of 100 
μl/min. The poly(DAB) that precipitated inside the silicone tube was imaged 
macroscopically. Next, droplets containing 0.5X DAB solution containing 20 U/ml of 
HRP were produced in an oil phase composed of N-hexadecane and 1% Span 80 
at a 1:10 flow rate ratio. Droplets were produced with varying hydrogen peroxide 
immersion times, ranging from 4-20 s. Absorption of collected droplets was 
measured using a Multiskan Go Microplate Spectrophotometer (Thermo Scientific) 
at 540 nm. 

3.2.4 Microgel Formation 
Dextran-Tyramine (Dex-TA) conjugates were prepared as described previously 29. 
Dex-TA was used with a degree of substitution of 15. Droplets containing 5% of Dex-
TA and 250 U/ml of Horseradish Peroxidase (HRP) were produced in an oil phase, 
containing N-Hexadecane supplemented with 1% Span 80 as surfactant. Droplets 
were then transported through ~20 cm silicone tubing that was immersed in a H2O2 
bath containing 30% of H2O2. The outside-in crosslinking of the droplets was induced 
by H2O2 that diffused through the tubing and oil and into the Dex-TA and HRP 
containing droplets. The microdroplet’s residence time in the H2O2 bath can be 
altered by increasing the total flow rate while keeping the water:oil ratio constant 
at 1:10. Unless otherwise written, the total flow rate used was ~100 μl/min, which 
relates to a residence time of 8.5 seconds. The produced microgels were collected 
in oil, and the emulsion was broken by three consecutive washes using hexadecane 
and subsequent wash with phosphate buffered saline (PBS). To further investigate 
the stable hollow microgel production window, microgels were produced using 
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10%, 20% and 30% H2O2 baths, using total flow rates ranging from 11 μl/min to 154 
μl/min while keeping the water:oil ratio constant at 1:10. To compare outside-in 
crosslinking with the catalase based method described by Sakai et al. 9, 83.000 U/ml 
catalase was added to the Dex-TA HRP solution. Microgels were then produced at 
total flow rates of 11 μl/min to 110 μl/min. Microgels were then stained with EthD-1 
as described before and analyzed by confocal microscopy. In an attempt to 
increase the production window lower concentrations of 40.000 and 20.000 U/ml 
catalase were also used. 

3.2.5 Microgel Characterization 
For assessment of the microgels’ size and monodispersity, brightfield 
microphotographs were taken and analyzed using ImageJ. For visualizing the 
crosslinked polymer shell and determining its thickness, microgels were stained with 
ethidium homodimer (EthD-1) at a concentration of 30 μM in PBS, imaged with a 
confocal microscope (Nikon A1 confocal) at a confocal depth with the highest 
ferret diameter of the microcapsules and analyzed using ImageJ. The permeability 
of the microgels was tested by incubating them in FITC-conjugated dextrans with 
molecular weights of 10, 20, 40, 70 (40 mg/ml), 150, 500, 2000 kDa (20 mg/ml) for 24 
hours after which fluorescence intensity in the center of the gel was measured by 
confocal images. 

3.2.6 Cell Culture 
Bone marrow derived human Mesenchymal Stem Cells (hMSCs) were isolated from 
bone marrow as described previously30. The cells were cultured in proliferation 
medium, containing Alfa-MEM, supplemented with 10% FBS, 2 mM L-glutamine, 0.2 
mM ascorbic acid, 1 ng/ml basic fibroblast growth factor, and 100 U/ml penicillin 
and 100 μg/ml streptomycin. This culture medium was changed biweekly, when 80% 
confluency was reached. Cells were kept in a humidified environment at 37 oC with 
5% CO2 and used until passage 5. 

3.2.7 Cell Encapsulation 
To produce cell-laden microgels, detached cells were washed with medium, flown 
through a 40 μm cell strainer, and suspended in the hydrogel precursor solution at 
a concentration of 2*107 cells/ml. In addition, 8% Optiprep was added in order to 
obtain ρ = 1.05 g/l. The cell-laden hydrogel precursor solution was loaded into an 
ice-cooled gastight syringe where it was continually agitated in order to prevent 
cell clump formation. The emulsion was broken by washing three times with 
surfactant free n-hexadecane oil and subsequent supplementation of culture 
medium. Culture medium was refreshed twice a week. Cell viability of cell-laden 
hollow microgels were studied by calcein AM and ethidium homodimer-1 staining 
according to manufacturer’s protocol (Invitrogen) and imaging using a digital 
fluorescence microscope (EVOS FL Imaging System, ThermoFisher) in multiple 
independent experiments. DAPI was used to allow nuclei detection to determine 
cell number in microaggregates. Live/dead cells were counted such that a 
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percentage of viability could be obtained. For additional analyses, cell-laden 
microgels were first washed with PBS and fixated using a 10% formalin solution. Cells 
were permeabilized using 0.1% Triton X-100 and subsequently stained with 2.5 U/ml 
of phalloidin-AF488, 10 of μg/ml DAPI, and 4 μM of EthD-1 to stain F-actin, nuclei and 
Dex-TA respectively and analyzed by confocal microscopy (Nikon confocal A1). 
Isolation of cell aggregates was performed by incubating microaggregate 
containing microcapsules with 100 U/ml of dextranase at 37 oC for 5 minutes.  

3.2.8 Statistics 
Shown results were determined from at least 10 measurements and reported as the 
average ± standard deviation. Sample size per experiment is reported in figure 
descriptions. Significance was determined based on one-way Anova analysis. 
Significance of p <0.05 is indicated by *. All statistical analyses were performed in 
OriginPro2017. 

3.2.9 Schematics 
All graphs were drawn using OriginPro 2017 software. All schematics were 
composed using ChemDraw Professional 16.0 software and Adobe Illustrator CC 
2017 software. 

3.3 Results and Discussion 

3.3.1 Microfluidic Platform for Diffusion-Based Delivery of Cross-Link 
Initiator to Microdroplets 
A schematic of the microfluidic platform for diffusion-based delivery of the cross-
linker to microdroplets is presented in Figure 3.1a and Figure 3.1b. In short, a 3D 
microfluidic glass capillary device was manufactured out of 
polymethylmethacrylate using a recently reported clean-room independent 
method to enable the generation of polymer solution droplets (Figure 3.1c)27. By 
applying a 1:10 hydrogel precursor:oil ratio at a production flow rate of 100 μl/min 
while using a 200 μm inner diameter nozzle, droplets were produced at a 
production rate of approximately 132 Hz (Figure 3.1d). Flowing the polymer solution 
droplets through a semipermeable silicone tube, which was submerged in a 
hydrogen peroxide bath (Figure 3.1e and Figure 3.1f), allowed for the diffusion of 
hydrogen peroxide into the microdroplets. 

To prove the diffusion-based delivery of hydrogen peroxide through the silicone 
tubing, 3,3′-diaminobenzidine (DAB) was used. In the presence of the enzyme 
horseradish peroxidase (HRP) and hydrogen peroxide, DAB reacts into poly(DAB) 
which can be observed as a brown precipitate (Fig. 1g). When flowing DAB + HRP 
solution through a silicone tube submerged in a hydrogen peroxide bath, the 
formation of brown precipitate was observed, which indicated the diffusion of 
hydrogen peroxide through the silicone tubing into the solution. Moreover, the 
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Figure 3.1: Microfluidic platform for outside-in diffusion-based delivery of crosslinker to water-in-oil 
microdroplets. (a) Schematic representation of hydrogel microcapsule production via delayed outside-in 
crosslinking of water-in-oil polymer microdroplet by transporting the droplets through a silicone tubing 
submerged in a H2O2 bath. (b) H2O2 diffuses through the silicone tubing, through the oil phase, and into 
microdroplets. (c) Polymethylmethacrylate (PMMA) microfluidic 3D glass capillary device in which (d) 
microdroplets are formed using a flow-focus nozzle setup. (e) Droplets are then transported off-chip through 
a silicone tube, which is (f) immersed in a hydrogen peroxide diffusion bath for diffusion of hydrogen 
peroxide into the droplets. (g) DAB forms brown precipitate (poly(DAB)) in presence of HRP and hydrogen 
peroxide. (h) DAB solution was flown through a silicone tube that was immersed in a hydrogen peroxide 
diffusion bath, which demonstrated the time-dependent nature of the diffusion-based hydrogen peroxide 
availability. (i) Longer hydrogen peroxide residence times resulted in higher absorbance at 540 nm, 
indicating higher poly(DAB) production and thus higher hydrogen peroxide availability (n=2). White scale 
bar indicates 1 cm. Black scale bar indicates 1 mm. 

 

quantity of diffused hydrogen peroxide could be predictably controlled as the 
solution's metachromatic color positively correlated with the solution's residence 
time in the diffusion bath (Figure 3.1h). To validate this finding, microdroplets 
containing DAB were produced and transported through the hydrogen peroxide 
diffusion bath with varying residence times. Again, it was observed that longer 
residence time resulted in a predictable increase in poly(DAB) formation, indicated 
by the higher absorbance, which was in line with Fick's second law of diffusion. 
(Figure 3.1i). 
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3.3.2 Outside-In Cross-Linking for the Production of Hydrogel 
Microcapsules 
Hydrogels were prepared by the HRP-mediated coupling of phenol moieties of 
tyramine conjugates (Figure 3.2a). As an example material, dextran-tyramine (Dex-
TA) was used. Flowing a 5% polymer solution droplets through the submerged 
silicone tubing for ∼8.5 s resulted in the monodisperse production of outside-in cross- 
linked microgels with a diameter of 123.6 ± 4.9 μm (CV = 3.8) (Figure 3.2b). By 
varying the water:oil ratios and/or different nozzle diameters, microcapsules with 
diameters ranging from 80 μm to 300 μm could be produced in a monodisperse 
manner (Figure 3.2c,d). Confocal analysis of ethidium homodimer stained microgels 
confirmed that these microgels were formulated as single core microcapsules 
(Figure 3.2c). To illustrate the possibility to use multiple materials, single core 
microcapsules were also produced of tyramine-conjugated hyaluronic acid (HA-
TA) (Figure S3.1). 

Control over the local hydrogen peroxide concentration proved to be of essential 
importance to successfully produce microcapsules using the outside-in cross-linking 
strategy. When exposing the polymer precursor to a too low hydrogen peroxide 
concentration it resulted in incomplete cross-linking of microgels' shell (Figure 3.2e), 
which resulted in microgel rupture during the subsequent washing step. Cross-linking 
the microdroplet with a higher hydrogen peroxide concentration resulted in 
formation of robust microcapsules (Figure 3.2e). Exposure to a too high hydrogen 
peroxide concentration also resulted in the formation of conformal microcapsules, 
but associated with the cross-linking of polymer droplet's core thus giving rise to soft-
core or solid-core microgels (Figure 3.2e). Quantitative analysis of shell thickness 
and ethidium homodimer intensity of these soft-core microgels confirmed that the 
polymer cross-linking became gradually less intense in an outside-in manner. This 
was in contrast to the microcapsules, which revealed a sharp decline in cross-linking 
density (Figure 3.2f).  

We then mapped under which parameters partially cross-linked, hollow core, or 
soft-core microgels would be formed by varying the emulsion's flow rates and the 
hydrogen peroxide bath's concentration (Fig. 2g, Fig. S2). As expected, decreasing 
the flow through rate and increasing the hydrogen peroxide concentration 
associated with increased cross-linking. Microcapsules could be produced at a 
wide range of emulsion flow rates, which spanned nearly an order of magnitude, 
with the highest measured microcapsule production rate being measured using an 
emulsion flow rate of 99 μl/min and a bath concentration of 30% of  
hydrogen peroxide. This associated with a maximum possible microcapsule 
production rate of ∼132 Hz. In comparison, previously reported catalase-based 
microcapsule formation strategies based on inside-out hydrogen peroxide 
scavenging25, could only form microcapsules in a notably smaller window of 
operation and at a substantially lower emulsion flow through rate, which offered a 
maximal microcapsule production rate of only ∼29 Hz (Figure 3.2g,h). 
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Figure 3.2: Outside-In crosslinking of polymer containing water-in-oil microdroplets produces hydrogel 
microcapsules. (a) Tyramine-conjugated polymer is crosslinked by HRP in the presence of hydrogen 
peroxide. (b) Delayed outside-in crosslinking results in microgels. (c) EthD-1 staining proves microgels of 
different sizes contain a hollow core and can be defined as microcapsules. (d) Size distribution of produced 
microcapsules show monodisperse production in different size regions with a CV<5 (N≥10). (e) Three distinct 
production regimes, being incomplete crosslinking, hollow microgels, and soft-core microgels, were 
identified. (f) Histogram of soft-core (red) and hollow core microgels (black), with soft-core microgels 
containing hollow compartments significantly smaller in comparison with the hollow compartments of stable 
hollow microgels. (g) Qualification of Dex-TA crosslinking regime as function of hydrogen peroxide 
concentration, hydrogen peroxide residence time, and the presence of catalase resulting in incomplete 
crosslinking (blue), stable hollow microgels (green), and soft-core microgels (red). (h) Producing 
microcapsules without catalase enables higher total flow rates and thus a higher production rate before 
reaching the incomplete crosslinking regime, as indicated by a low percentage of intact gels (<95%) after 
crosslinking (N≥20). Scale bar indicates 100 μm. 

It is likely that delayed outside-in cross-linking can achieve this large production 
window and higher production, as compared with catalase-based strategies, by 
avoiding the delicate balance between initiation and inhibition of cross-linking 
(Table S3.1). Advantageously, the ability to form microgels using fewer components 
(e.g. without catalase) not only improves the cross-linking control and rate but also 
results in a cleaner, more chemically defined production process, which is of 
relevance for clinical and biomedical applications. In addition, rheological 
characteristics of the microcapsules can be altered by varying the Dex-TA 
concentration in the hydrogel precursor solution (Figure S3.3). 

3.3.3 Optimization of Microcapsules Shell Thickness for 
Cytocompatible Cell Encapsulation 
As a concrete example for a biomedical application of the presented delayed 
outside-in cross-linked microcapsule technique, cell encapsulation experiments 
were performed. Mixing human mesenchymal stem cells (hMSCs) into the hydrogel 
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precursor solution readily allowed for the production of cell-laden microcapsules. 
However, it was observed that the supplementation of cells to the polymer solution 
consistently altered the cross-linking of the microdroplets. For example, while cell-
free microdroplets produced at a production flow rate of 100 μl/min and cross-
linked using a 30% hydrogen peroxide concentration yield hollow microgels,  
microdroplets containing 2∗107 cells/ml resulted in the production of soft-core 
microgels (Figure 3.3a,b). We then demonstrated that cell-laden microdroplets 
required higher production flow rates than their cell-free counterparts to form 
microcapsules (Figure 3.3a). Advantageously, this allowed for the production of 
microcapsules at emulsion flow through rates as high as 180 μl/min (Figure 3.3c), 
which resulted in thinner shells with a thickness of 16.7 ± 2.7 μm (Figure 3.3d). This 
increased flow rate equates to a production rate of ∼230 Hz, which is almost double 
the maximum production rate of cell-free microcapsules, and ∼8× faster than 
catalase-dependent microcapsule production. 
The microgel's shell thickness is of great importance for cell encapsulation as it 
positively correlates with cells becoming entrapped in the shell. Moreover, although 
cell death was negligible within the hollow compartment, it was observed that cell 
death of entrapped cells in the shell was relatively high (Figure 3.3e) being 67 ± 5% 
after 14 days of culture. However, by adjusting the production flow rate from 100 
μl/min to 180 μl/min we were able to lower the amount of entrapped cells from 15% 
to 0,2% (Figure 3.3f) effectively optimizing the cytocompatible cell encapsulation 
within the microcapsules.  
The number of encapsulated cells could be controlled by tuning the cell 
concentration in the hydrogel precursor solution. For example, single-cell hollow 
microcapsules were produced using a concentration of 2∗105 cells/ml (Fig. 3g). 
Specifically, a single cell was present in 35% of the microcapsules, whereas only 2% 
of the hollow microgels contained two or more cells. This strategy thus represents an 
effective approach to study individual cells within soft, hollow, and 3D 
microenvironments, which can be composed of spatiotemporally responsive 
materials31.  

The number of cells per microgel scaled in a predictable manner with the cell 
concentration used in the hydrogel precursor solution, which thus also enabled the 
production of microcapsules that contained multiple cells (Figure 3.3h,i). Delayed 
outside-in cross-linking of 120 μm diameter microdroplets composed of 2∗107 
cells/ml polymer solution resulted in the monodisperse encapsulation of 34.4 ± 3.1 
cells per microcapsule (CV = 9.2%). Increasing the cell concentration further 
associated with a linear increase in the number of encapsulated cells within the 
microcapsule, which corroborated the predictable nature of the encapsulation 
process (Figure 3.3j). Besides the cell concentration in the hydrogel precursor 
solution, the amount of cells per microcapsule could also be tuned by producing 
microcapsules of different sizes. For example, production of microcapsules of 298 ± 
9 μm resulted in 101 ± 8 cells per gel (Figure S3.4).  
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Figure 3.3: Optimization of microcapsules shell thickness for efficient cell encapsulation. (a) Quantification 
of shell thickness at different production flow rates with and without 2*107 of hMSCs in the polymer solution. 
(N≥20). (b) Cell-laden microcapsules produced at a production flow rate of 100 μl/min resulted in soft-
core microgels with cell entrapment in the shell, as indicated by white arrows (c) Cell-laden hollow core 
microcapsules were obtained when produced with a production flow rate of 180 μl/min. (d) Shell size 
decreases with increasing production flow rates (N≥15). (e) Live/dead assay of cell-laden microcapsules 
showed that dead cells (shown in red) tend to be entrapped in the microgel’s shell. (f) Number of cells 
entrapped in the shell drop from 15% to 0.2% with higher production flow rates. (g) Cell encapsulation with 
a cell concentration of 2*105 cells/ml in the hydrogel precursor solution for single cell encapsulation. 
Further increasing the cell concentration in the polymer solution to (h) 8*106 or (i) 2*107 cells/ml resulted in 
the encapsulation of a predictable amount of multiple cells. (j) Quantification of the number of cells per 
microcapsule for different cell concentrations in the hydrogel precursor solution (N≥30). Scale bar 
indicates 100 μm. * Indicates significance with p<0.05. 

 

3.3.4 Long-Term Culture of Cell-Laden Microcapsules Enable In Situ 
Formation of Stem Cell-Based 3D Microtissues 
The semipermeable nature of the microcapsules was studied with diffusion 
experiments using fluorescein isothiocyanate-conjugated dextrans of various 
molecular weights, which illustrated that molecules up to 150 kDa were are able to 
diffuse into the microcapsule (Figure S3.5). Relevant molecules such as growth 
factors, nutrients and waste products, can thus diffuse freely through the 
microcapsules’ shell. This indicated that long-term cell culture is most likely possible 
within the microcapsules. 

hMSC containing microcapsules were produced and cultured for up to 28 days 
(Figure 3.4a–c). Cells rapidly aggregated into 3D microtissues within the hollow 
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Figure 3.4: Cell-laden microcapsules enable in situ formation, formation, and biorthogonal 
isolation of stem cell based 3D microtissues. Encapsulated cells in microcapsules (a) 
immediately after crosslinking, (b) after 1 day of culture, (c) after 6 days of culture, (d) and 
after 28 days of culture. (e) Quantification of the size of the microtissues formed within the 
microcapsules. (f) Quantification of live/dead assays of used hMSCs at various point in time 
(N≥20). (g) Confocal images of microaggregates in microcapsules after 14 days of culture, 
stained with EthD-1 (red), DAPI (magenta), and Phalloidin (green). (h) High resolution confocal 
microphotograph of a single microaggregate in a microcapsule after 14 days of culture. (i) 
Enzymatic degradation of Dex-TA microgels using dextranase allowed for biorthogonal 
microaggregate isolation. Scale bar represents 100 μm. * Indicates significance with p<0.05. 

 
compartment of the microcapsules. These microaggregates could be maintained 
within the microcapsules for the entire duration of experimentation without any 
notable level of cell egression. As with conventionally cultured stem cell 
microaggregates, the cellular spheroids decreased (e.g. 62% reduction in 28 days) 
in diameter over time (Figure 3.4d)19,23. This observation is likely explained by cellular 
compaction within the microaggregate, as previously reported18, as cell viability 
consistently remained high directly after encapsulation and after a culture period 
of 28 days in multiple experiments (n = 4), with a viability of 86 ± 1% 5 h after 
encapsulation and 83 ± 7% of cells surviving after 28 days of culture 
(Figure 3.4e, Figure S3.6). This indicated that the diffused hydrogen peroxide was 
offered to the cell-laden microdroplet in a non-toxic concentration as the hydrogen 
peroxide–free syringe control associated with a comparable level of cell survival. 
This was likely mediated via the outside-in consumption of hydrogen peroxide 
during the cross-linking reaction, which effectively shielded the cells in the droplets 
core from exposure to cytotoxic levels of hydrogen peroxide. This emphasized the 
cytocompatible nature of the delayed outside-in cross-linking process. Moreover, 
fluorescent confocal analysis revealed that the microfluidic encapsulation 
procedure prevented cells from being at the peripheral side of the microcapsules, 
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thus effectively locating the cells within the microcapsules core and allowing the 
formation of conformal and continuous shells (Figure 3.4f). Interestingly, evidence 
was found that cells could originally reside on the proximal side of the 
microcapsule's shell and vacate their position after cross-linking. (Figure 3.4g). 
Furthermore, enzymatic digestion of the Dex-TA microcapsules using dextranase 
allowed for biorthogonal isolation of the produced microaggregates (Figure 3.4h). 

3.4 Discussion 

Here, we present a robust and straightforward method to produce hydrogel-based 
hollow single-core microcapsules. Our method relies on the enzymatic cross-linking 
of polymer-tyramine conjugates in an enzymatic reaction that is cytocompatible, 
achieved in seconds, and controlled via outside-in diffusion of a cross-link activator 
(e.g. hydrogen peroxide). By exposing polymer solution microdroplets to outside-in 
diffusion of low amounts of hydrogen peroxide, which can be controlled by 
adjusting the production flow rate, hydrogen peroxide concentration and possibly 
by varying the thickness of the silicone tubing, microcapsules are effectively formed 
as the hydrogen peroxide will be consumed in the cross-linking reaction before 
being able to reach the microdroplet's core. 

Compared with previously reported strategies, such as those based on the spatial 
competition between an inducer (e.g. hydrogen peroxide) and an inhibitor (e.g. 
catalase) of polymer cross-linking25, our system offers several advantages that are 
a consequence from its activator-only–based design. Specifically, it is a cleaner, 
more chemically defined production process, which is favorable when taking 
possible future clinical studies into account. In addition, as no inhibitors are used, 
the microcapsules could be produced at a substantially higher production rate 
while offering a wider window of operation. Furthermore, as our system relies on 
delayed cross-linking, the cross-linking of polymer at the droplet generator's nozzle 
is avoided, which lowers the chance on microdevice failure27. Moreover, several 
other previously published methods described for production of microcapsules 
demand access to nano and microfabrication technologies and dedicated 
infrastructures, whereas our method relies on the use of off-the-shelve components 
and readily available non–clean-room–based production processes, thus being 
suitable for a much wider target audience as it includes non-specialized end-
users27. 

The enzymatic cross-linking of Dex-TA has been used for various biomedical 
applications and can be combined with distinct production techniques26–29,31–33. 
Dex-TA is thus chosen as a model material as it represents an effective, versatile, 
inert, and cytocompatible biomaterial. Regardless, the presented method for 
microcapsule production is compatible with a wide variety of polymers. Numerous 
natural and synthetic tyramine polymer conjugates to form hydrogel networks have 
previously been reported. Beside Dex-TA, conjugates of hyaluronic acid29, 
poly(ethylene glycol)34, heparin33, chitosan35, alginate36, gelatin37, Poly Vinyl 
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Alcohol38, and peptides39 have been reported. These conjugates and their 
combination thereof, each with their own biological and physicochemical 
properties, are all suited for outside-in enzymatic cross-linking. Hence, it will be 
possible to tailor the biological and physicochemical properties of the 
microcapsule's shell by selecting distinct polymer conjugates and stimulating 
moieties. To demonstrate this, microcapsules consisting of different concentrations 
of Dex-TA and HA-TA were produced as described earlier. 

Encapsulating cells using outside-in cross-linking associated with excellent cell 
survival, despite the silicone delay line being submerged in a bath composed for 
30% of hydrogen peroxide. Indeed, it is widely known that too high concentrations 
of hydrogen peroxide cause acute cell death40. However, it is also known this 
cytotoxicity depends on both dose and incubation time. For example, decreasing 
the H2O2 concentration from 500 to 30 μm required, respectively, 1 h and 48 h to 
show cytotoxic effects40. In contrast, in our enzymatically cross-linking system, H2O2 is 
rapidly consumed (seconds) and thus allow for extremely short incubation times. 
Extensive research has shown that these extremely short H2O2 exposure times allow 
for high cell viability and long-term cell function without any detectable functional 
effect28,32,33,35,41,42. In fact, it was recently demonstrated that our enzymatic cross-
linking material system was more cytocompatible than any of the previously studied 
material systems used for microfluidic generation of microgels32. Moreover, the 
amount of hydrogen peroxide that diffuses through the silicone tubing, through the 
continuous oil phase, and into the polymer droplet is both limited and controlled 
and is rapidly consumed by the enzyme HRP to cross-link the polymer into a 
macromolecular network. Within a few micrometer of diffusion into the 
microdroplet, the H2O2 has decreased to such a low level that it was no longer able 
to cross-link the microdroplet into a microgel, hence the formation of hollow 
microcapsules. Consequently, the levels of H2O2 within the bulk/core of the 
microdroplets — where the cells reside — are well within the cytocompatible level. 
This logic is substantiated by our viability experiments that allowed high cell survival 
after encapsulation and long-term cell culture. Advantageously, owing to 
hydrodynamic focusing of microparticles (e.g. cells) inside of aqueous solution (e.g. 
polymer microdroplets), the cells are transported away from the droplet's shell and 
toward its core28. Indeed, using the delayed cross-linking strategy, no cell were 
present in the peripheral side of the microcapsules' shell, which likely contributed to 
the excellent postencapsulation survival rates by spatially shielding it from the 
outside-in diffusing hydrogen peroxide. 

When cells were encapsulated, the microcapsules functioned as microbioreactors 
that enabled the formation of monodisperse 3D microtissues via cellular 
aggregation. This phenomenon occurs when cell-cell interactions are energetically 
more favorable as compared with the cell-substrate interactions, which thus 
requires biomaterials that present little or no cell binding motives. Controllably 
producing 3D microtissue has numerous application to, amongst others, study a 
variety of diseases, guide the differentiation of stem cells, and function as 
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microbuilding blocks in bottom-up tissue engineering16,18–20. Not surprisingly, several 
strategies have been developed to facilitate controlled cell microaggregation, 
which includes microwells, hanging drops, non-adhesive culture substrates23. 
Although being compatible with low throughput academic research, none of these 
platforms offers a production throughput that is readily suitable for clinical or 
industrial translation. Moreover, in many of these platforms, long-term cultures need 
to be protected from aggregate fusing or culture substrate attachment. In addition, 
changing media in many of these platforms is not a straightforward or facile 
exercise. Hydrogel microcapsules can overcome these challenges by allowing for 
facile culture and handling of 3D encapsulated microaggregates, which can be 
produced in a high-throughput manner. In addition, the biorthogonal isolation of 
the microaggregates allows for easy analysis and further downstream use of these 
microtissues. 

Although the focus of this study was to produce microcapsules, we also identified 
regimes where soft-core microgels were produced using outside-in cross-linking of 
tyramine-conjugated polymers. These systems offer cells to be encapsulated in a 
soft 3D microenvironment, while being protected from undesired physical such as 
shear stress and/or compression. Moreover, it offers control over diffusion rates in a 
manner that is not directly dependent on the hydrodynamic properties of the 
microgels soft-core but rather on those of the microgel's protective shell. In addition, 
the shell can mitigate or prevent the cell egression that often challenge the culture 
of cells in soft microgels28. Soft-core microgels therefore represent an interesting tool 
for studying cell biology, development processes, and pathologies such as cancer. 
Importantly, as with the microcapsules, the soft-core microgels can be produced in 
high-throughput, which enables the drug screening using compound libraries6,43,44. 

3.5 Conclusion 

In summary, delayed outside-in cross-linking is an effective, predictable, 
cytocompatible, universal, and high-throughput strategy for the formation of long-
term viable 3D microtissues (e.g. stem cell microaggregates) that allows for 
biorthogonal purification for downstream biomedical applications such as tissue 
engineering and drug screening. 
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3.5 Supplementary Information 

 
Figure S3.1: Ethidium homodimer-1 stained HA-TA microcapsules. Fluorescence confocal microphotograph 
of microcapsules composed of  HA-TA. Scale bar indicates 200 μm. 

 

 
Figure S3.2: Production regimes of hollow core-shell microgels using distinct H2O2 baths and total emulsion 
flow rates. Representative fluorescence confocal microphotographs of ethidium homodimer-1 stained 
core-shell microgels. Scale bar indicates 100 μm. 
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Figure S3.3: Production of microcapsules with varying Dex-TA concentration. Microcapsules produced with 
a Dex-TA concentration of (a) 2.5%, (b) 5% and (c) 10%. (d) Quantification of shell thickness of microcapsules 
with varying Dex-TA concentration (n>40). Scale bar indicates 100 μm. * Indicates significance with p<0.05. 

 

 
Figure S3.4: Producing cell-laden hollow core-shell microgels with a distinct size. (a) Hollow core-shell 
microgels of 300 μm containing 2*107 cells/ml (b) allowed for the encapsulation of ~100 encapsulated cells 
per microcapsule (N=10). Scale bar indicates 300 μm. 
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Figure S3.5: Semipermeability of Dex-TA microcapsules. Dex-TA microcapsules were incubated in solution 
with FITC-conjugated dextrans of various molecular weights. Microcapsules allowed diffusion of molecules 
with a molecular weight of at least 150 kDa. Scale bar indicates 100 μm. 

 
Figure S3.6: Cell viability after long term culture in microcapsules. Live/dead assay of cell-laden 
microcapsules (a) 5 hrs, (b) 1 day, (c) 6 days, and (d) 28 days post encapsulation showing live (green) and 
dead (red) cells. (e) Viability quantification during long term culture of cells in microcapsules. Scale bar 
indicates 100 μm. 

 

Table S3.1: Maximum flow rate for different concentrations of catalase. 
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Scalable Production of Size-Controlled 
Cholangiocyte and Cholangiocarcinoma 
Organoids within Liver Extracellular Matrix-
Containing Microcapsules 

Advances in biomaterials, particularly in combination with encapsulation 
strategies, have provided excellent opportunities to increase reproducibility 
and standardization for cell culture applications. Herein, hybrid 
microcapsules are produced in a flow-focusing microfluidic droplet 
generator combined with enzymatic outside-in crosslinking of dextran-
tyramine, enriched with human liver extracellular matrix (ECM). The 
microcapsules provide a physiologically relevant microenvironment for the 
culture of intrahepatic cholangiocyte organoids (ICO) and patient-derived 
cholangiocarcinoma organoids (CCAO). Micro-encapsulation allowed for 
the scalable and size-standardized production of organoids with sustained 
proliferation for at least 21 days in vitro. Healthy ICO (n = 5) expressed 
cholangiocyte markers, including KRT7 and KRT19, similar to standard 
basement membrane extract cultures. The CCAO microcapsules (n = 3) 
showed retention of stem cell phenotype and expressed LGR5 and PROM1. 
Furthermore, ITGB1 was upregulated, indicative of increased cell adhesion 
to ECM in microcapsules. Encapsulated CCAO were amendable to drug 
screening assays, showing a dose-response response to the clinically 
relevant anti-cancer drugs gemcitabine and cisplatin. High-throughput 
drug testing identified both pan-effective drugs as well as patient-specific 
resistance patterns. The results described herein show the feasibility of this 
one-step encapsulation approach to create size-standardized organoids 
for scalable production. The liver extracellular matrix-containing 
microcapsules can provide a powerful platform to build mini healthy and 
tumor tissues for potential future transplantation or personalized medicine 
applications.
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4.1 Introduction 

Hepatobiliary organoids are valuable biomimetic ex vivo models for regenerative 
medicine and disease modeling purposes1–3. These three-dimensional organotypic 
cell structures recapitulate aspects of the native liver in vitro through complex cell–
cell and cell–matrix interactions, which allow for self-organization4,5. Healthy donor-
derived human cholangiocyte organoids used in a regenerative setting have 
shown the potential to restore damaged biliary epithelium in a preclinical model6,7. 
Simultaneously, patient-derived cholangiocyte and cholangiocarcinoma 
organoids offer an interesting platform for studying biliary diseases, particularly for 
drug screening applications1,8–10. However, the clinical and industrial translation of 
these organoids is currently limited by the use of mouse tumor-derived basement 
membrane extracts (BME). 

Organoids are typically cultured in BME, which is a complex mixture of extracellular 
matrix (ECM) components derived from the mouse tumor mass produced by 
Englebreth-Holm-Swarm cells11,12. BME allows for self-organization of the cells into 
three-dimensional organotypic structures with maintenance of a proliferative status 
and can be used to create a tumor tissue-like microenvironment in vitro5,13–15. 
However, the process of cellular self-organization is uncontrolled, leading to 
relatively large inter-organoid disparity in size16. Organoid size is known to influence 
cell growth and division and thus introduces unwanted heterogeneity for 
standardization within translational applications of organoids17,18. This results in 
limited reproducibility of in vitro experiments. Furthermore, expansion of organoids 
in BME hemispheres is labor intensive and time consuming, which reduces scalability 
of the organoid cultures19. Thus, to overcome these limitations, there is a need for a 
controlled, continuous, high-throughput organoid production processes utilizing 
BME alternatives that are good clinical practice compliant20. 

We have recently shown that BME can be replaced by a hydrogel derived from 
decellularized human liver ECM21. This hydrogel supports the initiation and culture of 
cholangiocyte organoids and can unlock direct clinical applications for 
regenerative medicine purposes15. However, the use of this hydrogel does not 
resolve the high level of heterogeneity in organoid size and culture and still requires 
a time-consuming process. The incorporation of decellularized liver ECM with 
bioengineering encapsulation strategies could provide the necessary tools to 
comprehensively circumvent the persisting limitations. 

In this study, we report on a microfluidic methodology for the controlled, high-
throughput production of intrahepatic cholangiocyte organoids (ICO) and 
cholangiocarcinoma organoids (CCAO) in hybrid microcapsules containing 
decellularized liver-derived extracellular matrix21. In order to achieve this, primary 
human cholangiocyte and cholangiocarcinoma cells are encapsulated in a 
human liver extracellular matrix-containing dextran-tyramine microcapsules utilizing 
single-step enzymatic outside-in crosslinking in an off-the-shelf, reusable, flow-
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focusing microfluidic device. Encapsulated organoids are of similar quality 
compared to standard BME-cultured organoids but show a high standardization 
with regard to size. In addition, this setup allows for the production of high quantities 
of tumor organoids that are similar in size and quality for scalable personalized drug 
screening. 

4.2 Materials and Methods 

4.2.1 Materials 
Intrahepatic cholangiocyte organoids (ICO) (n = 5) were initiated from donor liver 
biopsies (0.5 cm3–1 cm3) following a previously published protocol5,22. The use of 
liver biopsies for research purposes was approved by the medical ethics 
committee of the Erasmus University Medical Center (MEC-2014-060). 
Cholangiocarcinoma (CCA) tumor tissue biopsies (n = 3) were obtained through 
liver resections performed at the Erasmus MC (MEC-2013-143) and CCAO were 
initiated as described previously10. All patients gave written informed consent to 
use their tissue for research purposes. In short, the biopsies were digested in 2.5 
mg/mL collagenase type A (Sigma-Aldrich, St. Louis, MO, US) for 20–120 min at 37 
°C. Next, the suspension was strained (70 μm cell strainer), washed with cold ADV+ 
(Table S1), resuspended in basement membrane extract (BME, Cultrex, R&D 
systems, Minneapolis, MN, United States), and plated in 25 μL droplets in 48-well 
suspension culture plates (Greiner Bio One, Alphen aan den Rijn, The Netherlands). 
The BME was allowed to solidify for 45–60 min at 37 °C before 250 μL startup 
expansion medium (SEM, Table S2) was added. After 72 h, SEM was replaced with 
Expansion Medium (EM, Table S2) and refreshed every 3 to 4 days. Organoids were 
passaged by mechanical dissociation every 7 days in 1:3 to 1:6 split ratios. 

4.2.2 Human Liver for Decellularization and Hydrogel Preparation 
Human livers (n = 4), deemed unsuitable for transplantation, were decellularized as 
previously described23. In short, livers were obtained after declination for liver 
transplantation by all transplant centers in the Eurotransplant zone. Informed 
consent for the use of these livers for research purposes was given to transplant 
coordinators of the Dutch Transplant Foundation by next of kin and was approved 
by the Erasmus MC medical ethics committee (MEC-2012-090). 

Decellularization was achieved by continuous perfusion with Triton X-100 solution for 
120 min, followed by nine 120 min reperfusion cycles with 10 L Tx100 solution. 
Afterward, the livers were flushed with 100 L dH2O and stored in dH2O for 10–14 days 
at 4 °C. This was followed by DNase treatment (10 mg/L DNase type I (Sigma) in 0.9% 
NaCl + 100 mM CaCl2 + 100 mM MgCl2) for eight hours at RT. Complete 
decellularization was confirmed based on histology and DNA quantification. 

HLECM hydrogels were prepared as previously described21. In short, the ECM was 
lyophilized (Zirbus Technology Sublimator 400) and pulverized (Retsch ZM200). 
HLECM (40 mg/mL) was digested in 10% (W/W) Pepsin (Sigma, 3200–4500 U/mg) in 
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0.5 M Acetic Acid over a 72 h period at RT. Afterward, cold 10%(V/V) 10X PBS and 
cold 10% (V/V) ADV+ were added. PH was neutralized to 7.4–7.6 by the addition of 
1 M NaOH. Solubilized HLECM concentration was measured using a Pierce BCA 
assay (ThermoFisher, Waltham, MA, United States) and, if needed, further diluted to 
8 mg/mL. HLECM was stored at −20 °C. 

4.2.3 Microfluidic Encapsulation 
A reusable 3D microfluidic glass capillary platform was used for the production of 
droplets, as previously described24. A polymethylmethacrylate (PMMA) microfluidic 
device was fabricated using standard cutting and abrasion technology24. Fused 
silica capillaries (inner diameter of 200 μm; Polymicro Technologies, Phoenix, AZ, 
United States) were used to fabricate the nozzles by insertion into a transparent, 
semi-permeable silicone tubing (Helix Medical, Carpinteria, CA, United States) with 
a borosilicate capillary spacer (CM Scientific, Silsden, United Kingdom). The nozzles 
were operated in a flow-focusing configuration and enabled droplet formation, in-
line monitoring of droplet formation, and allowed for diffusion-based delivery of 
H2O2 (Sigma-Aldrich) to controllably induce the enzymatic outside-in crosslinking of 
the formed droplets. 

5% Dextran-tyramine (Dex-Ta) + 0.1% HLECM + 250 U/mL horseradish peroxidase 
(HRP) (Sigma-Aldrich) solutions were used as hydrogel precursor solution. The 
resulting Dex-Ta contained 14 tyramine moieties per 100 repetitive units. Droplets 
were produced in a N-Hexadecane (Sigma-Aldrich) oil phase supplemented with 
1% Span 80 (Sigma-Aldrich) as a surfactant. Droplets were produced using a total 
flow rate of 100 μL/min with a water:oil ratio of 1:10 using a low-pressure syringe 
pump (neMESYS, Cetoni, Korbußen, Germany). The enzymatic outside-in crosslinking 
was induced through the transportation of droplets within a semi-permeable 
silicone tube that was immersed for 20 cm in a 30% H2O2 bath. Diffusion of H2O2 
through the tubing and the oil phase into the Dex-Ta, HLECM, and HRP-containing 
droplets allowed for the formation of microcapsules. Produced microcapsules were 
collected in the oil. The emulsion was broken by five consecutive washes using N-
Hexadecane and subsequent washes in phosphate-buffered saline (PBS). 

For the production of organoid-laden microcapsules, cells were trypsinized, washed 
with medium, and collected using a 40 μm cell strainer. Cells were suspended in the 
hydrogel precursor solution at a concentration of 1 × 106 cells/mL, which was 
supplemented with 8% optiprep (Sigma-Aldrich) to obtain ρ = 1.05 g/L. The cell-
laden hydrogel precursor solution was loaded in an ice-cooled gastight syringe 
(Hamilton) that was continually agitated using a small magnet in order to prevent 
the formation of cell clumps. Upon collection and washing, cell-laden 
microcapsules were divided into 12-well plates. 

4.2.4 Cell Culture in Microcapsules 
Encapsulated organoids were placed in EM, which was refreshed every 3–4 days. 
Cell viability was assessed using live dead staining. Organoids were incubated with 
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propidium iodide (50 μg/mL) and calceinAM (0.5 μM) at 37 °C and 5% CO2 for 60 
min. An EVOS microscope (ThermoFisher) was used to image cultures over time. The 
average diameter of ICO was measured using ImageJ (Version 1.53u, Bethesda, 
MD, USA). 

At set time points (D7 and D21), organoids were fixed using 4% paraformaldehyde 
(Fresenius Kabi, Bad Homburg, Germany) or lysed in Qiazol (Qiagen, Hilden, 
Germany) lysis buffer. Lysed samples were stored at −80 °C. 

4.2.5 FFPE Histology 
Samples were washed in 1X PBS. The 1% (W/V) agarose was dissolved in PBS by 
heating the solution. Encapsulated organoids were placed in a 96-well plate, and 
PBS was removed. Agarose was added and allowed to solidify at 4 °C and 
subsequently embedded in paraffin. Paraffin blocks were sectioned at 4 μm 
thickness and stained with hematoxylin and eosin or used for immunohistological 
staining. For the latter, heat-induced epitope retrieval was performed using TRIS-
EDTA buffer (pH = 8.0). Subsequently, slides were incubated in goat serum for 1 h 
before incubation of primary antibodies (listed in Table S3) overnight at 4 °C. Slides 
were washed using PBS before incubation (1 h, RT) with secondary antibodies (listed 
in Table S4). All slides were counterstained with DAPI (Vectashield anti-fade 
mounting medium with DAPI, Vectorlabs, Newark, CA, United States) and imaged 
on a Leica DM6000 CFS microscope with a LEICA TCS SP5 II confocal system. Data 
were processed and analyzed using ImageJ. 

4.2.6 Whole Mount Confocal Microscopy 
Fixated samples were permeabilized with 0.1% Triton X-100 in 1× PBS for 20 min. The 
5% serum in 1× PBS was used to block samples for 60 min. Primary antibodies (Table 
S3) were incubated overnight at 4 °C. Secondary antibodies (Table S4) were 
incubated for 60 min. F-actin staining was performed by incubating samples with 
Alexa Fluor 488 Phalloidin (ThermoFisher) for 20 min at RT. All samples were 
counterstained with DAPI (Vectashield anti-fade mounting medium with DAPI, 
Vectorlabs). Samples were imaged using a Leica 20× water dipping lens on a Leica 
DM6000 CFS microscope with a LEICA TCS SP5 II confocal system. Data were 
processed and analyzed using ImageJ. 

4.2.7 RT-qPCR 
Qiazol samples were homogenized with a TissueRuptor (Qiagen, Hilden, Germany). 
RNA isolation was performed with the miRNeasy (Qiagen) kit according to the 
manufacturers’ protocol, and RNA was measured on the Nanodrop 2000. cDNA (2 
ng/μL) was prepared using 5x PrimeScript RT Master Mix and a 2730 Thermal cycler 
(Applied Biosystems, Waltham, MA, USA). RT-qPCR was performed using SYBR select 
master mix for SFX (Applied Biosystems) on a StepOnePlus RT PCR system (Applied 
Biosystems). The primers used are listed in Table S5. 

4.2.8 In Vitro Drug Assay on Encapsulated CCAO 
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Preliminary to the drug response, encapsulated CCAO cell viability was measured 
using CellTiter-Glo (Promega, Madison, WI, USA) to equalize the relative amount of 
ATP in each organoid line to minimize drug response variability because of cell 
numbers. Next, encapsulated CCAO (n = 3) were plated out at a concentration of 
approximately 5000 cells/well in 96-well plates (Cellstar, Greiner Bio-One, Alphen 
aan den Rijn, The Netherlands). Encapsulated organoids were cultured for 24 h, and 
subsequently, a concentration dilution series of gemcitabine, range 0.01 μM–1000 
μM (200 mg/5 mL, Sandoz, Basel, Switzerland), with a fixed concentration of 
cisplatin, 10 μM, (1 mg/mL, Accord) was added. Furthermore, a high-throughput 
drug screening using 51 drugs from the drug panel of approved oncology drugs 
(AOD X, NIH, dtp.cancer.gov, accessed on 15 May 2021) was added at a fixed 
concentration of 1 μM. After 72 h of incubation, cell viability was measured using 
CellTiter-Glo (Promega, Madison, WI, USA). An experimental concentration range 
was determined if possible, and dose-response curves were fitted using nonlinear 
least squares regression fitting. 

4.2.9 Statistical Analysis 
Data analysis was performed in Prism 8.0. Kruskal–Wallis test by ranks was performed 
on data sets with non-paired samples or different sample sizes. A Friedman test was 
performed on matched samples. 

4.3 Results and Discussion 

4.3.1 Preparation and Characterization of Crosslinker Nanoemulsion 
ICO was produced by cholangiocyte cell encapsulation in microcapsules utilizing 
enzymatic outside-in crosslinking of cell-laden hydrogel precursor droplets as 
described by van Loo et al.24 and as depicted in Figure 4.1a,b. Hydrogel precursor 
droplets flow through a semi-permeable silicone tubing, which allows for outside-in 
diffusion of hydrogen peroxide (H2O2), which initiates an outside-in crosslinking 
reaction that results in microcapsules (Figure 4.1c,d) with high monodispersity 
(coefficient of variation = 1.8%) (Figure 4.1c,d and Figure S4.1a). 

The main advantage of the outside-in enzymatic crosslinking approach is the simple 
single-step continuous production process it utilizes, which is in contrast to multistep 
approaches such as microcapsules utilizing sacrificial cores25,26, complex multiple 
emulsion strategies27,28, or non-continuous layer-by-layer biofabrication29. Most of 
these complex approaches are based on ionic crosslinking of alginate hydrogels, 
which is considered unstable due to the inherently reversible non-covalent crosslink 
that is susceptible to gradual loss of divalent ions from the crosslinked alginate30. The  
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Figure 4.1. Production of microcapsules containing ICO and liver ECM. (A) Schematic of cell encapsulation 
process with single cells derived from organoids. (B) Micrograph of droplet formation in PMMA microfluidic 
device. (C) Confocal fluorescence images of microcapsules of which the Dex-Ta is stained with Ethidium 
homodimer-1 (Eth-d1). (D) Fluorescence intensity histogram of Eth-d1 stained microcapsules. (E) Bright-field 
microscope images of cholangiocytes cultured in BME control for 7 days or cultured in microcapsules for 1, 
3, 7, 14, and 21 days. (F) Average diameter of microcapsules (O.D. = outer diameter) encapsulated ICO at 
days 7, 14, and 21, and control ICO grown in BME at day 7. The graph indicates mean diameter + standard 
deviation. Significance was tested using ANOVA. *** p < 0.001. (G) Representative fluorescence images of 
ICO in microcapsules stained with calcein-AM in green for live cells and propidium iodide in red for dead 
cells. (H) Bright-field microscope images of hematoxylin and eosin-stained ICO cultured for 7, 14, and 21 
days. 
 

enzymatic covalent crosslinking of Dextran-TA results in stable microcapsules, which 
allow for long-term cell culture and microaggregation of microencapsulated cells24. 

Cells derived from healthy ICO were encapsulated in microcapsules of 5% Dextran-
TA and 0.1% human liver extracellular matrix (HLECM) microcapsules. Dextran was 
chosen as it is a versatile and cytocompatible biomaterial that can be modified 
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with relative ease (e.g., the addition of the functional tyramine group to the 
polymer)31. However, the addition of 0.1% HLECM was necessary as Dex-Ta hydrogel 
without HLECM did not support the self-organization of ICO (Figure S4.1b,c). 
Alternative (synthetic) ECM components, such as collagen14, cell adhesion motifs 
(fibronectin or RGD)32, or laminin-11113,33, can be used to augment the inert 
polymeric backbone and to create a more tissue-mimetic or tumor 
surrounding9,14,34. These components were considered, but fine-tuning and 
optimizing the concentrations in designer hydrogels with ECM components can be 
cumbersome and challenging15. Alternatively, ECM extracts from decellularized 
tissues can be used35. Different publications have shown that organoids can be 
grown in hydrogels derived from different decellularized tissues, which include small 
intestinal submucosa36 or stomach37. However, it  
was also shown that there is a tissue-specific effect of the ECM hydrogels on the 
organoids37. HLECM can successfully replace BME as a tissue-specific culture 
substrate for ICO; therefore, we tested this liver ECM extract to augment the Dex-Ta 
hydrogels21. 

The use of HLECM allowed for the formation of ICO inside Dex-Ta hydrogels and the 
Dex-Ta microcapsules. The cells formed aggregates after one day of culture, and 
these aggregates were cultured for up to 21 days inside the microcapsules (Figure 
4.1e). The average diameter of encapsulated ICO did not significantly increase 
between day 7 (98 μm, SD: ±37 μm), day 14 (109 μm, SD: ±35 μm), or day 21 (112 μm, 
SD: ±36 μm). The average diameter of the ICO did not exceed the outer diameter 
(O.D.) of the microcapsules, which was 157 μm (SD: ±14 μm). Moreover, the 
difference between the average diameter for ICO grown in BME (332 μm, SD: ±259 
μm) was significant (p < 0.001) when compared to encapsulated ICO. This indicates 
that encapsulated ICO are more size-controlled than ICO grown in BME, as there is 
less variation in organoid size (Figure 4.1f). ICO cells remained viable during the 21-
day culture period (Figure 4.1g). Dead cells were observed inside the 
microcapsules; however, it remains unclear whether this is the result of the 
encapsulation process or normal cell death during the culture period. Similar levels 
of cell death are also seen in ICO grown in BME. However, in BME-grown ICO, dead 
cells typically accumulate in the lumen of the organoids, whereas with the 
encapsulated organoids, dead cells appear to accumulate in between the 
organoid and the capsule. Hematoxylin and eosin staining on FFPE sections showed 
that the encapsulated ICO has a lumen that is similar to the control ICO grown in 
BME (Figure 4.1h and Figure S4.1c). Of note, the thickness of the cell layers 
appeared thicker in the encapsulated ICO, which could be due to the columnar 
polarization of the cholangiocytes inside the microcapsules. Similar phenotypes 
were seen for cholangiocyte organoids grown on ductal ECM when cell growth was 
limited by space (e.g., confluent cell layers)38,39. 

Encapsulated ICO stained positive for the cholangiocyte marker KRT7 (Figure 4.2a–
c). Proliferation marker KI67 was found to be present at day 7 but was decreased 
at day 21 (Figure 4.2d), which might be due to the organoid size restriction due to 
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the set microcapsule size. The zonula occludens 1 (ZO1) honeycomb structure was 
found both on days 7 and 21 (Figure 4.2e–g), indicating the formation of tight 
junctions at the interface of the lumen. Interestingly, in vivo ZO1 is only present inside 
the lumen of the bile duct, while the encapsulated ICO revealed the ZO1 
honeycomb structure on both the inside and the outside of the organoids. This could 
indicate multiple polarized cell layers sandwiched together, with the outermost 
layer turned inside out. On a transcriptome level, encapsulated ICO maintained a 
similar expression profile as BME-cultured ICO for cholangiocyte markers KRT7, KRT19, 
and EPCAM, MUC1 (Figure 4.2h). This was also seen for stem cell marker LGR5, which 
in vivo is only upregulated in damaged liver tissue40, but can be regarded as a 
marker for the cholangiocyte organoids. Hepatocyte-like cell marker albumin did 
not significantly change over the culture period. The proliferation marker KI67 
appeared to decrease on the protein level by day 21 (Figure 4.2d) but not on the 
mRNA level (Figure 4.2h). Actually, an increasing trend of KI67 gene expression was 
observed at 21-day, though this did not reach statistical significance. Average gene 
expression of epithelial-mesenchymal transition marker vimentin remained stable, 
indicating that ICO does not undergo this transition after encapsulation. In 
conclusion, encapsulated ICO resemble ICO grown in BME on gene- and protein 
expression level for selected markers. 

Human cholangiocyte organoids are of interest for regenerative applications, such 
as ex vivo repair of the damaged biliary epithelium6,15. Although not  
pursued in the current study, the high-throughput nature of the organoid production 
technique might be beneficiary for the clinical translation of ICO for tissue 
engineering applications. Alternatively, encapsulation of organoids also is of interest 
for more fundamental research, as more control over organoid growth, size, and 
cell number can be exerted, and direct co-culture systems can be engineered for 
probing cell–cell interactions. This can aid in standardizing assays with complex 
three-dimensional organoid cultures. 

4.3.2 Engineering Functional 3D Microtissues in Hollow Hydrogel 
Microcapsules via Nanoemulsion-induced Crosslinking 
In order to probe the versatility of the hybrid microcapsules, we also encapsulated 
CCAO derived from three distinct cholangiocarcinoma patients. We previously 
initiated these organoids from patient biopsies and confirmed their tumorigenicity10. 
Similar to ICO, the CCAO aggregated to form cellular spheroids, indicating the 
beneficial environment for cell encapsulation and proliferation of the tumor 
organoids (Figure 4.3a). After 21 days of culture, organoids of similar size to the 
microcapsules were formed, albeit with some patient-specific heterogeneity (Figure 
4.3b). BME-cultured CCAOs utilize their intrinsic capacity to self-organize, which 
leads to the formation of organoids with high variability in size (Figure S4.2). 
However, as stated before, organoid size influences proliferation, in turn potentially 
influencing drug responses17. Single cells dissociated from organoids in BME can be 
used to perform drug screenings, but these lack the direct cell–cell interactions of  



629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo
Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024 PDF page: 78PDF page: 78PDF page: 78PDF page: 78

68 | Chapter 4 

 

2 

4 

3 

4 

5 

6 

7 

8 
 

 
Figure 4.2. Assessment of cholangiocyte markers of ICO cultured in microcapsules. (A) Confocal 
fluorescence images of BME control ICO cultured for 7 days and microencapsulated ICO cultured for 7 and 
21 days stained for KRT19 in red and DAPI in blue. (B) Confocal fluorescence images of encapsulated ICO 
cultured for 7 and 21 days, stained for F-actin in green and DAPI in blue, (C) KRT7 in red and DAPI in blue, 
(D) KI67 in red and DAPI in blue, (E–G) ZO1 in green and DAPI in blue. The left column represents the max 
projection of the entire Z-stack, whereas the right column only shows the max projection of a selection of 
the Z-stack so that the lumen of the ICO is visible. (H) Gene expression of BME control and encapsulated 
ICO cultured for 7, 14, and 21 days of KRT7, KRT19, EPCAM, MUC1, LGR5, ALB, KI67, and VIM (n = 5). No 
statistically significant differences were observed. Scale bars for (A–E) and (G) indicate 100 μm. Scale bar 
for (F) indicates 200 μm. 
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organoids. The encapsulated tumor organoids generated herein show a tight 
regulation of size over time, particularly when compared to gold-standard BME 
culture (Figure 4.3c). This demonstrates the efficient generation of standardized 
tumor organoids using the droplet-generating microfluidic system. 

To quantitatively evaluate the potential change in transcriptome due to 
encapsulation, real-time PCR was employed. KI67, a marker for proliferation, 
remained constant over time, although with inter-patient heterogeneity, similar to 
the observations with bright-field microscopy (Figure 4.3d and Figure S4.2). 
Importantly, we found that the stemness of the organoids, as represented by LGR5 
and PROM1 expression, was similar in encapsulated CCAO and BME-cultured 
CCAO (Figure 4.3e). Thus, the cancer stem cell phenotype, an important 
characteristic of organoids in BME41, is not lost during encapsulation. Lastly, integrins 
play a crucial part in the reciprocal signaling occurring between cells and the 
extracellular matrix42. Integrin signaling is affected by encapsulation within the 
microcapsules, as ITGB1 is significantly upregulated after 14 and 21 days of 
encapsulation, suggesting different ECM-cell interactions occur (Figure 4.3f). 
Immunofluorescent staining confirmed the cholangiocyte-origin of the tumor 
organoids with high KRT7 positivity at day 7 and day 21 in all three patient lines 
(Figure 4.3g). Furthermore, F-actin was stained to visualize actin bundle alignment, 
which suggested actin re-arrangement over time (Figure 4.3h). Overall, 
encapsulated CCAO exhibit a relatively similar gene and protein expression profile 
compared to conventional BME culture, and thus, hybrid HLECM and Dex-Ta 
microcapsules can provide a more standardized, scalable microenvironment.  

4.3.3 Encapsulated Cholangiocarcinoma Organoids (CCAO) Are 
Amendable to Drug Screening 
We next investigated the feasibility of the hybrid capsules to be applied to 
(personalized) drug screens in a controlled format. Gemcitabine and cisplatin 
combinational chemotherapy is the gold standard for the palliative treatment of 
CCA patients43; thus, we incubated encapsulated CCAO for 72 h with these drugs. 
After combining 10 μM of cisplatin with different doses of gemcitabine, a clear dose-
dependent response on cell viability was detected (Figure 4.4a). Differences in 
response were observed between patients, with CCA3 showing the highest 
sensitivity (IC50 0.1 μM, compared to CCA1 IC50 9.4 μM, CCA2 IC50 2.2 μM). Since 
dead cells were not able to escape the hybrid microcapsule, drug response could 
also qualitatively be observed by bright-field microscopy, which showed the 
accumulation of dead cells (Figure 4.4b). Encapsulated organoids from CCA1 show 
a significant difference compared to BME-cultured CCAO after gemcitabine and 
cisplatin exposure (10 μM: p = 0.04, Figure 4C), indicating that encapsulation 
influences chemo resistance of CCAO in a patient-dependent manner. To expand 
upon these initial findings, a large-scale drug response experiment was performed 
to further investigate the potential of encapsulated tumor organoids for throughput 
personalized medicine drug screening applications. For this, 51 FDA-approved anti-  
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Figure 4.3. CCAO formation and characterization in microcapsules. (A) Representative bright-field 
microscope images of cholangiocarcinoma tumor cells cultured in microcapsules for 1, 7, 14, and 21 days. 
Scale bar indicates 400 μm in the top row and 100 μm in the bottom row. (B) Representative bright-field 
micrographs of three distinct patient-derived CCAO after 21 days of culture in microcapsules. Scale bar 
indicates 100 μm. (C) Size analysis of CCAO in BME or encapsulated in microcapsules. Shown is the mean 
and standard deviation of individual organoids grown in BME (Day 1: n = 46, Day 7: n = 73, Day 14: n = 73) 
or microcapsules (n = 117). Standard deviation was smallest in microcapsules. (D–F) Gene expression 
analysis using real-time PCR of BME control and encapsulated CCAO cultured for 7, 14, and 21 days of KI67 



629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo
Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024 PDF page: 81PDF page: 81PDF page: 81PDF page: 81

Organoids within Extracellular Matrix-Containing Microcapsules | 71 
 

 

2 

3 

3 

4 

5 

6 

7 

8 
 

(D), LGR5, PROM1 (E), and ITGA5 and ITGB1 (F). * p < 0.05 (G,H) Confocal fluorescence imaging of 
encapsulated CCAO cultured for 7 or 21 days, which stained for KRT7 in red (G) and F-actin in green (H). 
Both images also contain DAPI staining in blue. Scale bar indicates 100 μm. 

 

cancer drugs were tested on encapsulated CCAO of the three patients. Patient-
derived organoids showed relatively high heterogeneity in drug response to the 
drug screening panel (Figure 4.4d). CCA1 had a slightly higher average relative cell 
viability (0.47 ± 0.41) compared to CCA2 (0.36 ± 0.33) and CCA3 (0.43 ± 0.34). 
However, no significant differences were present due to the large inter-drug 
differences. Interestingly, this encapsulated throughput approach identified both 
drugs that showed resistance in all three patients as well as pan-effective drugs, 
although the majority of responses showed high patient heterogeneity (Figure 4.4e). 
Ceritinib and Romidepsin exhibited the best pan-effective response, with preclinical 
data in CCA cell lines showing Romidepsin’s ability to induce G2/M phase arrest44, 
indicating that future research is warranted. Ceritinib was recently used in a phase 
I trial for solid tumors, including CCA, with a manageable toxicity profile, paving the 
way for further development as well45. Diving more into potential patient-specific 
effects, it is clear there is variation in the drug response to singular therapies (Figure 
4.4f). As an example, selumetinib, which previously failed in a phase II study in 
CCA42, revealed overall cell viability of 0.01, 0.9, and 1.2 for CCA1, CCA2, and 
CCA3, respectively. This shows a large difference in response between patients and 
confirms the observed overall lack of efficacy in the clinical trial. These results stress 
the need for personalized drug testing and demonstrate the opportunity for high-
throughput-produced organoids for scalable personalized medicine. However, 
probing the similarities between patient and organoid drug response in the future is 
necessary to validate the ability of standardized production of tumor organoids to 
uncover pan-effective or patient-specific therapeutics. 

4.4 Conclusion 

In summary, we established a strategy for the one-step fabrication of hybrid 
capsules composed of dextran-tyramine and native extracellular matrix using a 
capillary-based flow focus microfluidic droplet generator that enabled the self-
assembly and 3D culture of human cholangiocyte and cholangiocarcinoma 
organoids. The microcapsules are produced via an easily scalable method that 
allows for the size-standardized generation of organoids. The established system 
can facilitate the reduction of size variability conventionally seen in organoid 
culture by providing uniform scaffolding. As a proof-of-concept, we show the 
potential of the convergence of organoid technology and microfluidics for drug 
screening applications by observing patient-specific drug responses. This research 
offers a scalable platform for fundamental organoid research on cell-ECM 
interactions as well as translational transplantation and drug discovery applications. 
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Figure 4.4. Cell response of encapsulated CCAO in drug screening applications. (A) Quantification of 
relative cell viability in encapsulated CCAO of 3 distinct donors after exposure to a fixed concentration of 
cisplatin and variable concentrations of gemcitabine after 72 h. Error bars indicate standard error of mean. 
Nonlinear regression curves were fitted to the data to determine IC50 values. (B) Representative bright-field 
micrographs of encapsulated CCAO1 organoids after exposure to 0 μM, 0.1 μM, 1 μM, 10 μM, 100 μM, and 
1000 μM gemcitabine and 10 μM cisplatin. Scale bar indicates 100 μm. (C) Comparison of relative cell 
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viability for encapsulated CCAO and BME-cultured CCAO after exposure to a fixed concentration of 
cisplatin and variable concentrations of gemcitabine after 72 h. Error bars indicate standard error of mean. 
Nonlinear regression curves were fitted to the data to determine IC50 values. * indicates a statistically 
significant difference in drug response between CCAO1 in BME and encapsulation. (D) Quantification of 
average cell viability upon exposure to 51 different chemotherapeutic drugs. (E) Box plot displaying the 
average survival fraction of CCAO ranked from most effective to the least effective drug. Black dot 
indicates the average survival fraction, and the gray area represents the standard deviation. (F) Cluster 
map of the three different patient-derived CCAO responses to the drug response panel. Color corresponds 
to the relative cell viability: green represents resistance to the drugs, and red represents a sensitive response. 
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4.5 Supplementary Information 

 

Figure S4.1. ICO can self-assemble within Dex-Ta microgel, but can only survive with the addition of HLECM. 
A) Microcapsules can be produced with high monodispersity (CV=1.8%). B) Addition of HLECM to Dex-Ta 
increases cell viability, C) and allows for the self-organization of cells into organoid-like structures. 
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Figure S4.2. CCAO formation in microcapsules. Representative bright field micrographs of CCAO cultured 
in BME control for 7 days or cultured in microcapsules for 1, 7, and 21 days. Scale bar indicates 400 μm. 

 

Table S4.1. Medium components required for the formulation of basal medium (ADV+)  

Component Amount Concentration Brand 
Advanced DMEM/F12 500ml  Gibco 
HEPES 5ml 1M Life technologies 
L-Glutamin 5ml 100X Life technologies 
Primocin 1ml 500mg/ml Invivogen 
Pen/Strep 5ml 10000 U/ml Life technologies 

 

Table S4.2. Medium components required for the formulation of Start Up Medium (SEM) or 
Expansion Medium (EM). Medium components with a * are only added to SEM.  

Component Concentration Brand 
Adv+ - Gibco 
N2 1% Gibco 
B27 2% Gibco 
N-Acetylcystein 1mM Sigma-Aldrich 
gastrin 10 nM Sigma-Aldrich 
EGF 50 ng/ml Peprotech 
FGF10 100 ng/ml Peprotech 
HGF 25 ng/ml Peprotech 
nicotinamide 10nM Sigma-Aldrich 
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A83.01 5 μM Tocris 
Forskolin 10 μM Torcris 
R-Spondin 10% Conditioned medium 
WNT* 30% Wnt Conditioned medium 
Noggin* 25 ng/ml Conditioned medium 
Y27632* 10μM Tocris 
hES cell cloning recovery 
solution* 

1:1000 dilution Stemgent 

 

Table S4.3. List of primary antibodies used in this study 

Primary antibody Raised in Dilution Supplier 
ZO1 Rabbit  1:100 Proteintech 
KRT7 Mouse  1:100 Dako 
KRT19 Mouse  1:100 Dako 
KI67 Rabbit Ready –to-use Kind gift from pathology 

 

Table S4.4. List of fluorescent labeled secondary antibodies used in this study 

Secondary antibody Raised in  Against Dilution Supplier 
Alexa 555 Goat Mouse 1:100 Fisher scientific  
Alexa 488 Goat Rabbit 1:100 Fisher scientific 

 

Table S4.5. List of qPCR primers used in this study 

Primer Specie
s 

Forward sequence 5'to 3' Reverse sequence 5'to 3' 

GAPDH Human CTTTTGCGTCGCCAGCCG
AG 

CCAGGCGCCCAATACGA
CCA 

HPRT1 Human ACCAGTCAACAGGGGAC
ATAA 

CTTCGTGGGGTCCTTTTCAC
C 

B2M Human GTGTCTGGGTTTCATCCATC GGCAGGCATACTCATCTTTT 
LGR5 Human GTCAGCTGCTCCCGAATC

CC 
TGAAACAGCTTGGGGGCA
CA 

PROM1 Human CCTGGGGCTGCTGTTTATTA ATCACCAACAGGGAGATT
GC 

KRT7 Human GGGGACGACCTCCGGA
ATAC 

CTTGGCACGCTGGTTCTTGA 

KRT19 Human GCACTACAGCCACTACTA
CACGA 

CTCATGCGCAGAGCCTGTT 
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EPCAM Human GACTTTTGCCGCAGCTCA
GGA 

AGCAGTTTACGGCCAGCTT
GT 

MUC1 Human CTGTCACTGCCGCCGAA
GA 

CGTGCCCCTACAAGTTGGC
A 

KI67 Human CTACGGATTATACCTGGCC
TTCC 

AGGAAGCTGGATACGGAT
GTCA 

Vimentin Human CGGGAGAAATTGCAGGA
GG 

TGCTGTTCCTGAATCTGAGC 

Albumin Human CTGCCTGCCTGTTGCCAA
AGC 

GGCAAGGTCCGCCCTGTC
ATC 

CYP3a4 Human AGCAAAGAGCAACACAG
AGCTGAA 

CAGAGGTGTGGGCCCTGG
AAT 

HNF4α Human GTACTCCTGCAGATTTAGC
C 

CTGTCCTCATAGCTTGACCT 

ITGB1 Human GGACGCCGCGCGGAAA
AGAT 

CACCCACAATTTGGCCCTG
CT 

ITGA5 Human AGGGTCGGGGGCTTCAA
CTTA 

GAGCGGCAGGGTGCATAC
TC 
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5 
 
Mass Production of Lumenogenic Human 
Embryoid Bodies and Functional 
Cardiospheres using In Air Generated 
Microcapsules 

Organoids are engineered 3D miniature tissues that are defined by their 
organ-like structures, which drive fundamental understanding of human 
development. However, current organoid generation methods associate 
with low production throughputs and poor control over size and function 
including due to organoid merging, which limits their clinical and industrial 
translation. Here, we present a microfluidic platform for mass production of 
lumenogenic embryoid bodies and functional cardiospheres. Specifically, 
we apply triple-jet in air microfluidics for the ultra-high throughput 
generation of hollow, thin-shelled, hydrogel microcapsules that can act as 
spheroid forming bioreactors in a cytocompatible, oil-free, surfactant-free, 
and size-controlled manner. Uniquely, we show that microcapsules 
generated by in air microfluidics provide a lumenogenic microenvironment 
with near 100% efficient cavitation of spheroids. We demonstrate that upon 
chemical stimulation, human pluripotent stem cell-derived spheroids 
undergo cardiomyogenic differentiation, effectively resulting in the mass 
production of homogeneous and functional cardiospheres that are 
responsive to external electrical stimulation. These findings drive clinical and 
industrial adaption of stem cell technology in application areas, such as 
tissue engineering and drug testing.
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5.1 Introduction 

Organoids are engineered 3D miniature tissues characterized by tissue or organ 
structures, which can advance our fundamental understanding of human 
development and has the potential to revolutionize our healthcare system.1–4 
Specifically, organoids enable the study and treatment of diseases in a biomimetic, 
human-based, patient-specific, ethical, and animal-free manner.1,5,6 Organoids 
have, amongst others, been successfully applied to study infectious and hereditary 
diseases, screen active pharmaceutical ingredients, model cancer, and develop 
personalized therapies including regenerative medicine approaches.7–19 Despite 
these successes, the translation of organoids to many real world applications has 
been hampered by our inability to upscale the engineering of organoids while 
maintaining reproducibility and quality.20 

Cell fate within embryoid bodies (EBs) and organoids is highly dependent on 
morphogenic signaling. Therefore, control over their composition, size, and shape is 
essential to recapitulate organogenesis in vitro.21 Yet, engineering well-defined 
microenvironments that offer size-controlled, reproducible, and scalable EB and 
organoid production still remains among the biggest hurdles for clinical and 
industrial translation of this technology.22,23 Lab-scale EB and organoid production 
conventionally relies on well-plate-format suspension cultures where stem cells are 
grown atop low-adhesive (micropatterned) materials24,25 or within hydrogels,26 
resulting in limited size control. Compartmentalization in (micro)wells3,27–31 or within 
hanging droplets32 can offer improved size control. While these studies frequently 
claim high throughput, they often rely on batch-based processes that can only 
facilitate limited and small-scale investigative studies, which are unable to facilitate 
large-scale studies, clinical translation, and industrial valorization.20 In contrast, 
microfluidic production processes allow for continuous production of size-controlled 
organoids.20 Consequently, microfluidic encapsulation of (human) pluripotent stem 
cells (hPSCs) into semi-permeable and chemically defined microcapsules holds the 
potential for scalable and size-controlled organoid production. As an additional 
benefit, microencapsulation of pluripotent stem cells in microcapsules also prevents 
the clumping/fusion of engineered organoids, which currently adversely affects the 
upscaling of suspension cultures.33 Currently available microfluidic 
microencapsulation approaches often claim high throughput while operating in the 
dripping regime, which is archetyped by limited throughputs in the μl/min range. 
Furthermore, conventional microfluidic technologies are associated with reliance 
on emulsifications using oils and surfactants34–37 which are known for immune 
adjuvant effects,36 and contribute to development of autoimmune diseases.36 
While microfluidic organoid production approaches are moving towards all-in-
water technologies, these often rely on operation in dripping regime and its inherent 
limited throughputs that are in the μl/min range,38–43 or have difficulties in achieving 
monodispersity.44–48 Due to this combination between low-throughput, low control 
or a non-clean (e.g. oil and surfactant containing) production process these 
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technologies do not support clinically or industrially translation of organoid 
production. Consequently, an innovative microfluidic technology that allows for 
scalable, size-controlled, reproducible, and clean (e.g. oil-free and surfactant-free) 
organoid production has remained urgently wanted. 

In this work, we report on the ultra-high throughput generation of uniform and 
functional pluripotent stem cell derived EBs and cardiospheres using a production 
platform based on in-air microfluidics (IAMF). Specifically, we pioneer in-air 
coalescence of three independently tunable liquid microjets to enable the 
continuous on-the-fly encapsulation of (pluripotent stem) cells in ultrathin-shelled 
hydrogel microcapsules. Due to its oil-free, chip-free, and jet-based nature, the 
triple-jet IAMF method overcomes the impermeability,49 material degradation,49 
biocompatibility 35,36,50–52, and throughput challenges of current on-chip stem cell 
compartmentalization approaches with ml/min-range throughputs, while retaining 
high control and resolution. This unique combination distinguishes the triple-jet in-air 
microfluidic technology from conventional microfluidics by offering both true 
scalability and accurate control, which is essential for clinical and industrial 
translation. The microcapsules offer a highly lumenoconductive microenvironment 
as near 100% efficient lumen formation (i.e., lumenogenesis) and facilitates radial 
cell/nucleus polarization under physically and chemically defined conditions. 
Moreover, upon chemical stimulation, the cell spheroids undergo cardiomyogenic 
differentiation effectively yielding large amounts of functional (i.e., beating) 
cardiospheres that are responsive to external electrical stimulation. In short, we 
report on the continuous, ultra-high throughput production of homogeneous, size-
controlled, cellular aggregates, cavitated spheroids, and functional cardiospheres, 
which is anticipated to drive the clinical and industrial adaption of spheroid and 
organoid technology in application areas that need ultra-high throughput tissue 
production such as tissue engineering, drug testing, and cultured meat. 

5.2 Materials and Methods 

5.2.1 Triple-jet in air microfluidic setup 
The IAMF setup for hollow microgel formation consisted of three tapered nozzles 
with various diameters of which the second and third nozzle were placed under ± 
40° on the left and right of the central nozzle respectively, and were aligned using 
micrometer-precision XYZ-stages. The nozzles were connected with fluorinated 
ethylene propylene tubing (FEP) to Luer-lock glass syringes, of which the flow rate 
was controlled by Cetoni neMESYS low-pressure syringe pumps. The central nozzle 
was vibrated using a piezoelectric actuator, which was operated at 5 Vpp and 
frequencies between 1 and 10 kHz, allowing controlled break-up of the microjet. 
Depending on the nozzle diameter used, an optimized piezoelectric frequency was 
used to achieve monodisperse break-up of the microjet in microdroplets. The 
microjet of the second nozzle was aligned such that it coalesced with the formed 
droplet train in a stable manner, which was repeated for the microjet of the third 
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nozzle. Proper droplet break-up and coalescence of the microjets was confirmed 
using a high-speed microscope camera (IDS, UI-3240CP Rev. 2). 

5.2.2 Alginate hollow microcapsule production and analysis 
Production method of alginate hollow microcapsules was, unless stated otherwise, 
achieved as follows. The first microjet consisted of 10% (w/v) dextran and 50 mM 
calcium chloride (CaCl2) in dH2O, the second microjet consisted of 0.2% (w/v) 
alginate and 10% (v/v) ethanol (EtOH) in H2O, and the third microjet consisted of 0.2 
M CaCl2 and 55% (v/v) EtOH in dH2O. By using different nozzle diameters, it was 
possible to produce alginate hollow microcapsules in 3 different size regimes; being 
small (180 ± 8 μm), medium (243 ± 9 μm), or large (459 ± 17 μm). For small 
microcapsules, nozzle diameters of 50 μm, 50 μm, and 100 μm, with flow rates of 0.9 
ml/min, 1.1 ml/min, and 1.5 ml/min were used respectively for the first, second, and 
third microjet with an actuator frequency of 5.5 kHz. For medium size microcapsules, 
nozzle diameters of 100 μm, 100 μm, and 150 μm with flow rates of 2 ml/min, 2.2 
ml/min, and 2.6 ml/min were used respectively for the first, second, and third 
microjet with an actuator frequency of 5.5 kHz. For large size microcapsules, nozzle 
diameters of 150 μm, 150 μm, and 250 μm with flow rates of 3 ml/min, 3.2 ml/min, 
and 4.6 ml/min were used respectively for the first, second, and third microjet with 
an actuator frequency of 2.5 kHz. Produced hollow microcapsules were collected 
in a 0.1 M CaCl2 in dH2O collection bath. The microjets were characterized by We ± 
25. Using collisional angles of ± 40°, this corresponded to Weimpact ± 10. Produced 
hollow microcapsules were visualized using brightfield microscopy (EVOS FL Imaging 
System, ThermoFisher). Size distribution, monodispersity, circularity, amount of cores 
and shell thickness were analyzed using ImageJ software. To visualize the hollow 
nature of the microcapsules, 0.5 mg/ml 2000 kDa Dextran-FITC was added to the 
second microjet when producing the hollow microcapsules in order to achieve a 
fluorescent shell of the hollow microcapsules. Fluorescently labeled hollow 
microcapsules were then analyzed by confocal z-stack microscopy analysis (Nikon 
A1 confocal laser microscope). Permeability experiments were performed by 30 
minute incubation of microcapsules in a bath containing 0.5 mg/ml Dextran-FITC of 
150 kDa, 500 kDa, and 2000 kDa before visualization using fluorescent confocal 
microscopy (Nikon A1 confocal laser microscope). 

5.2.3 PEGDA hollow microcapsule production 
Poly(ethylene glycol) diacrylate (PEGDA) hollow microcapsules were produced in 
identical manner as small alginate microcapsules, with the exceptions that 10% 
(v/v) PEGDA and 0.25% (w/v) and Irgacure 2959 were additionally added to the 
second microjet. The third microjet was aligned such that the impact took place 8.9 
ms after the second microjet coalesced with the first microjet, which corresponded 
to a height difference of 8 cm between the second and third microjets. A UV lamp 
(LAMP) was aimed at the collection bath and was used to photocrosslink the 
PEGDA in the shell of the alginate hollow microcapsules during production and for 
1 minute after collection at 25% UV power. After this, a 1% EDTA in dH2O wash was 
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used to remove the alginate. The resulting PEGDA hollow microcapsules were 
analyzed using brightfield microscopy. 

5.2.4 Dex-TA hollow microcapsule production and analysis 
Tyramine-conjugated dextran (Dex-TA) was synthesized as described previously53. 
In short, dextran was activated with a p-nitrophenyl carbonate group (PNC), 
dissolved in DMF, after which TA was added under nitrogen. The degree of 
substitution of the produced Dex-TA was determined to be 15 by proton-NMR. Dex-
TA hollow microcapsules were produced in identical manner as small alginate 
microcapsules, with the exceptions that 5% (w/v) Dex-TA and 57.5 U/ml horseradish 
peroxidase (HRP) were additionally added to the second microjet. The collection 
bath additionally contained 0.1% H2O2 in H2O to allow for enzymatic crosslinking. 
After 1 minute of the enzymatic crosslinking post-cure, the hollow microcapsules 
were washed with 1% EDTA to remove the alginate. The resulting Dex-TA hollow 
microcapsules were stained with 30 μM of ethidium homodimer (EthD-1), and 
analyzed using brightfield microscopy and fluorescence confocal microscopy. 

5.2.5 Oil residue in chip based approaches 
Chip-based hollow microcapsule production was performed as described 
previously54,55. In short, a polymethyl methacrylate (PMMA) microfluidic chip was 
used in a flowfocusing setup to produce droplets consisting of 5% Dex-TA and 250 
U/ml HRP within an oil phase of n-hexadecane with the addition of 1% (v/v) Oil-red-
O and 1% span 80 as a surfactant. The resulting emulsion was broken by three 
consecutive washes using n-hexadecane without surfactant and a subsequent 
wash with phosphate buffered saline (PBS). Absorption of n-hexadecane with and 
without Oil-red-O and hollow microcapsules produced using chip-based 
microfluidics or IAMF was measured using spectrophotometry (Multiskan Go 
Microplate; Thermo Scientific) at 512 nm. 

5.2.6 Cell culture 
3T3 Fibroblasts (ATCC, CRL-1658) were cultured in Dulbeco’s Modified Eagle 
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 50 μM 2-
mercapto-ethanol, 100 U/ml penicillin and 100 μg/ml streptomycin. Culture medium 
was changed biweekly, when 80% confluency was reached. Cells were kept in a 
humidified environment at 37 °C with 5% CO2 before use.  

The dual fluorescent human pluripotent stem cells (human embryonic stem cells) 
reporter lines MESP1(mCherry/NKX2-5(eGFP)56 derived from hESC HES3 (female) 
(ESIBI), hPSCreg database: ESIBIe003-A clone 3A1 hetero zygote, and 
ACTN2(mRubyII)/NKX2-5(eGFP)57 derived from hESC HES3 (female) (ESIBI), hPSCreg 
database: ESIBIe003-A clone 3A1 hetero zygote. were cultured in Essential 8 
medium (E8) (Thermo Fisher) supplemented with 50 U/ml penicillin and 50 μg/ml 
streptomycin (Thermo Fisher) on Vitronectin (Thermo Fisher) coated plates. Cells 
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were passaged twice a week and refreshed the day after passaging. Cells were 
cultured in a humidified environment at 37 °C with 5% CO2. 

5.2.7 Cell encapsulation 
To optimize the cell loading concentration, 3T3 cells were fixed using a 10% buffered 
formalin solution (ThermoFisher), and added to the first microjet solution in 
concentrations ranging from 106 to 107 cells/ml. The number of cells per gel was 
confirmed based on confocal microscopy analysis following EthD-1 staining of the 
fixed cells. For the production of live cell-laden alginate hollow microcapsules, dH2O 
in all microjet solutions was exchanged with DMEM without phosphates. Detached 
cells were washed with medium, flown through a 40 μm cell strainer, and suspended 
in the first microjet solution at a concentration of 107 cells/ml. The cell-laden first 
microjet solution was loaded into an ice-cooled gastight syringe. Cell sedimentation 
and subsequent clumping in the syringe was prevented through the dextran 
crowder, the addition of a frequently stirred magnet, and by keeping the syringe 
on ice. Nozzle diameter and flow rate parameters were selected for medium-sized 
microcapsule production. Cell-laden hollow microcapsules were collected in a 
large collection bath containing 50 ml of 0.1 M CaCl2 in DMEM without phosphates 
in order to immediately dilute the EtOH to cell-viable concentrations below 2% (v/v). 
Cell-laden microcapsules were then immediately washed using a 70 μm cell strainer 
and resuspended in cell culture medium within 2 minutes upon collection. The cell-
laden hollow microcapsules were transferred to culture plates for cell culture. For 
additional analyses, cell-laden hollow microcapsules were first washed with PBS and 
fixated using a 10% formalin solution. Cells were permeabilized using 0.1% Triton X-
100 and subsequently stained with 2.5 U/ml of phalloidin-AF488 and 10 of μg/ml DAPI 
to stain F-actin and nuclei respectively and analyzed by confocal microscopy 
(Nikon confocal A1). Cell viability of cell-laden hollow microcapsules was studied 
using calcein AM and ethidium homodimer-1 staining according to manufacturer’s 
protocol (Invitrogen) and imaging using a digital fluorescence microscope (EVOS 
FL Imaging System, ThermoFisher) in multiple independent experiments. Spheroids 
were retrieved from their microcapsules via exposure to 10 U/ml of alginate lyase at 
day 0-4 or exposure to PBS after day 4. 

5.2.8 Pluripotent spheroid production 
Human pluripotent stem cells (human embryonic stem cells, derived from hESC HES3 
(female), hPSCreg database: ESIBIe003-A. Sequencing, karyotyping and marker 
analysis was performed for identification) were encapsulated using the In Air cell 
encapsulation method as described above, using a concentration of 2*106 cells/ml 
such that approximately 20 cells were encapsulated per microcapsule. During the 
first 24 hours, cell-laden microcapsules were cultured in Essential 8 (E8) medium58 
supplemented with PVA and ROCK inhibitor. Afterwards, cell-laden microcapsules 
were cultured in E8 medium, which was refreshed every other day. Encapsulated 
embryoid bodies were analyzed for aggregation efficiency, cavitation efficiency, 
embryoid body diameter, and cavity diameter by brightfield microscopy. Cell 
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viability analysis was performed as described above. For microwell-mediated 
production of embryoid bodies, round-bottom 96-wells plates were used for the 
production of 5000 cell aggregates, and alginate microwells with a diameter of 200 
μm per well were used to produced 500 and 20 cell aggregates, as described by 
Moreira Teixeira et al.59 Cavitation was assessed via nuclei staining using DAPI as 
described above. Distance of nuclei to hPSC spheroid centroid was measured in 
fluorescent confocal z-stacks of DAPI stained embryoid bodies using ImageJ 
software. To analyze cellular orientation as well as nuclear position within the cell, 
live cells were exposed to Draq5 (5 μM) to stain nuclei, and CellMask Green (1000X 
dilution of stock) to stain cell membranes, which were analyzed using fluorescence 
confocal microscopy. To analyze pluripotency, cells were stained for Sox2 and 
Oct3/4 using antibodies (Sox2: eBioscience, 53-9811-82, 1:100 dilution. Oct3/4: Santa 
Cruz Biotechnology, sc-5279 AF647, 1:100 dilution). In short, embryoid bodies that 
were cultured for six days were permeabilized with 0.1% Triton in 0.5% BSA, blocked 
with 5% FBS, and stained with Sox2 and Oct3/4 antibodies at 1:100 and DAPI at 
1:4000 in 1% BSA overnight. Stained embryoid bodies were analyzed using 
fluorescence confocal microscopy. 

5.2.9 Cardiosphere production 
The dual fluorescent hPSC reporter lines MESP1(mCherry/NKX2-5(eGFP) and 
ACTN2(mRubyII)/NKX2-5(eGFP) (human embryonic stem cells, derived from hESC 
HES3 (female), hPSCreg database: ESIBIe003-A. Sequencing, karyotyping and 
marker analysis was performed for identification) were encapsulated using the In 
Air encapsulation method as described above, using a concentration of 2*106 
cells/ml. During the first 24 hours, cultures were exposed to E8 medium 
supplemented with PVA and Y-27632 ROCK inhibitor. From day 1 till day 4 cultures 
were exposed to BPEL medium60 containing, 30 ng/ml Activin A, 30 ng/ml BMP-4, 1.5 
μM CHIR99021, 30 ng/ml VEGF, and 40 ng/ml SCF (Stem Cell Factor) in order to 
induce mesoderm differentiation.61 Medium was refreshed at the end of day 2. From 
day 4 till day 22 cultures were exposed to BPEL medium without supplements, which 
was refreshed 2/3 times per week. Activation of the MESP1 and NKX2-5 genes were 
analyzed for encapsulated cardiospheres using fluorescence confocal microscopy 
(mCherry and eGFP, respectively). The percentage of NKX2-5/eGFP positive cells 
was determined by FACS analysis after trypsinization of cardiospheres, which were 
cultured for 22 days. Calcium flux of encapsulated cardiospheres was analyzed 
using Fluo-4 AM (Thermo Fisher) calcium imaging (5 μM) measuring fluorescence 
intensity over time using fluorescence microscopy. To electrically stimulate 
encapsulated cardiospheres, two platinum electrodes (Advent Research Materials) 
connected to a custom-made pacing device were placed in a cardiosphere 
containing well of a 96 wells plate, and paced with 5V (10 ms biphasic pulses, 7–10 
V/cm²) at frequencies ranging from 0.5 to 2 Hz. α-Actinin (mRubyll) was imaged 
using fluorescence microscopy (Nikon ECLIPSE Ti2 inverted microscope). Both 
sarcomere contraction and contraction amplitude was analyzed by means of 
fraction area change using ImageJ software. 
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5.2.10 Single cell RNA sequencing 
Encapsulated EBs and cardiospheres were harvested at day 6 and day 21 
respectively by dissolving the microcapsule using alginate-lyase as described in the 
cell encapsulation section. Cells were dissociated into single cell suspensions using 
TrypLE (Gibco) and sorted into 384-wells plates containing primers with unique 
molecular identifiers (UMI), unique cellular barcodes and an oligo-(dT-N) for tagging 
the mRNA molecules. Single cell RNA sequencing barcode file is added as a 
supplementary data file Supplementary Data 2.tab. Directly after sorting, the plates 
were spun down and stored at -80°C until library preparation. The sorted 384-well 
plates were processed using a modified CEL-Seq2 protocol.62 In short, ERCC spike-
in (1:50,000) were dispensed using a Nanodrop II (BioNex Solutions Inc.) in each well. 
After a 5 min. incubation step at 65°C, 150 nL of the Reverse Transcription (RT) mix 
was dispensed into each well and the first strand synthesis was performed with the 
following thermal cycles: 4°C 5 min, 25°C 10 min, 42°C 1 hrs, 70°C 10 min. Within an 
incubation of 2 hrs at 16°C the second strand synthesis with E. coli DNA polymerase 
and E. coli DNA ligase (New England Biolabs), supplemented with E. coli RNase H 
(Invitrogen), was performed in the plate. After each of the dispensing steps, the 
plates were spun down at 1000 xg for 1 min at 4°C. Subsequently, the cDNA from 
the wells were pooled per plate and purified using AmpureXP (Beckman Coulter). 
Overnight in vitro transcription (Ambion MEGAScript; Invitrogen) for 14 hrs at 37°C, 
was followed by a 20 min at 37°C exonuclease step and chemical fragmentation 
of the amplified RNA. The sample was purified using the AmpureXP beads, after 
which a library RT and amplification PCR (with 9 cycles) was performed to introduce 
unique sample indices to the plate libraries. After a final beads purification, the 
sample was quantified using the Denovix HS dsDNA assay and checked for library 
quality using the BioAnalyzer (Agilent Technologies). The samples were sequenced 
on the NextSeq 500 (Illumina) platform, at a depth of 20 million reads per plate. 
Trimming of the reads and alignment was performed with seq2science v0.6.0 
(available in Zenodo, https://doi.org/10.5281/zenodo.4451349). In short, kb-python 
v0.26.463 was used (kb count with the setting ‘--technology 1,8,16:1,0,8:0,0,0’) for 
mapping against the GRCh38 genome and quantified the UMI counts per cell. The 
Scater package v1.20.163 was used for pre-processing and quality control. Only cells 
with a minimum of 500 detected genes and 1,000 total counts, and a maximum of 
50% mitochondrial transcripts and 20% of ERCC transcripts were kept in the analysis. 
Genes with an expression of 1 count in at least 2 cells were kept. Normalization and 
downstream analysis, such as dimensionality reduction and Louvain clustering was 
performed with the Seurat package v4.0.4.64 The SCTransform function was used to 
normalize the data and select the 2000 highly variable genes (HVG) in the dataset. 
The cells were clustered using a shared nearest neighbor (SNN) modularity 
optimization based clustering algorithm with a resolution of 0.9 and were projected 
onto Uniform Manifold Approximation and Projection (UMAP) using the first 10 
principle components (PCs). Differential gene expression analysis between 
conditions was performed with a t-test in the FindMarkers function of Seurat, on the 
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genes expressed in at least 20% of the cells in either of the clusters. The resulting 
differential gene lists were filtered for a log-fold change > 1 and a p-adjusted value 
of < 0.05 and the ComplexHeatmap package64 was used to visualize the sets of 
genes. Gene Ontology enrichment analysis was performed with the clusterProfiler 
v4.0.5 package.65 

5.2.11 Statistics 
Sample size per experiment is reported in figure descriptions. Significance was 
determined based on one-way Anova analysis. Significance of p <0.05 is indicated 
by *. All statistical analyses were performed in OriginPro2017. 

5.2.12 Data availability  
The single cell RNA sequencing data generated in this study have been deposited 
in the Gene Expression Omnibus database under accession number "GSE219249 
[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE219249]". 

5.3 Results and Discussion 

5.3.1 Triple-jet IAMF enables high-throughput fabrication of 
monodisperse, hollow, thin-shelled microcapsules for controlled 
spheroid, embryoid body, and cardiosphere formation      

In-air microfluidics (IAMF) is a recently invented jet-based microfluidic technology 
that enables ultra-high-throughput, oil-free, chip-free, and cytocompatible 
production of monodisperse solid microparticles.66 However, creating 
monodisperse, hollow, micrometer-sized hydrogel capsules (e.g., microcapsules) 
has remained a challenge and has thus prevented its use in organoid production. 
Conventionally, in IAMF, a first monodisperse hydrogel precursor droplet train is 
produced by superimposing a vibration on a jetting micronozzle that is combined 
with a second crosslinker jet, which results in a stream of monodisperse compound 
droplets. The use of a rapidly crosslinking material combination (e.g., alginate and 
a divalent cation such as calcium) results in on-the-fly stabilized particles of 
controlled size. However, producing microcapsules with the existing IAMF 
approaches cannot be reliably achieved as they associate with the merging of 
capsules into larger, poorly defined multi-core constructs (Figure S5.1).66 Here, we 
report on an IAMF strategy that prevents the merging of microcapsules via the 
introduction of a third microjet, which allows for the stable in-air production of triple-
layered aqueous droplets (Figure 5.1a, Figure S5.2 Supplementary Video 5.1). The 
addition of a third microjet enables the Marangoni-driven encapsulation of the 
droplets to occur twice, which enabled simultaneous inside-out and outside-in 
crosslinking of the alginate shell (i.e., middle phase) by calcium ions in the crosslinker 
liquids (i.e., inner and outer phases). Importantly, this allows for the jet-based 
production of thin shelled microcapsules at a rate that is more than two orders of  
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Figure 5.1. Triple jet In Air microfluidic production of cellular spheroid forming hollow microcapsules. (a) 
Schematic of three nozzle In Air Microfluidics for production of alginate microcapsules. (b) Photograph of 
fluorescently labelled microcapsules that could be produced within a 10 minute time-span using either In 
Air Microfluidics or conventional microfluidics.117 (c) Microphotograph of hollow microcapsules produced 
using In-Air Microfluidics. (d) Microphotograph of in air production of triple-layered aqueous droplets. (e) By 
addition of human pluripotent stem cells to the core microjet (f) cell-laden microcapsules are formed, which 
self-assemble into cellular spheroids that autonomously self-organize into cavitated embryoid bodies and 
can be differentiated into functional cardiospheres. Scale bar is 200 μm. 

magnitude faster than competing fabrication techniques (e.g., conventional 
microfluidics55) (Figure 5.1b-c). 

To demonstrate that in-air produced hollow microcapsules can function as cellular 
spheroid forming bioreactors, human pluripotent stem cells (hPSCs) were 
introduced into the first microjet (Figure 5.1d,e). After successful encapsulation of 
hPSCs within calcium-alginate microcapsules at a production frequency of over 10 
kHz, the cells rapidly aggregated and subsequently self- organized to form a lumen 
(Figure 5.1f).67 Furthermore, encapsulated hPSCs could be differentiated into 
functional cardiospheres that contain highly organized sarcomeres (Figure 5.1f). 

5.3.2 Achieving ultrafast, controlled, and clean microcapsule 
production by balancing Marangoni flows and ionic crosslinking in 
flying droplets 

In-air encapsulation of liquid droplets by another liquid phase can be achieved via 
Marangoni spreading, which drives low-surface tension liquids to encapsulate high-
surface tension liquids (Figure 5.2a). We hypothesized that consecutive spreading 
of alginate and calcium containing solutions over a calcium-laden droplet could 
be achieved by exploiting two distinct surface tension gradients, as Marangoni 
spreading is proportional to the difference in surface tension (σ).68 Indeed, on-the-
fly colliding water droplets containing 50 mM calcium chloride and 10% dextran 
(surface tension σ1 ~ 73 mN/m) with a liquid jet containing 0.2% (w/v) sodium 
alginate and 10% ethanol (σ2 ~ 48 mN/m), which subsequently collides with a liquid  
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Figure 5.2. Ultra-high throughput production of hollow microcapsules using In Air microfluidics. (a) 
Schematic of the surface tension-driven in-air encapsulation process. (b) Microphotograph of in-air 
aqueous layering process that enables microcapsule production. (c) Used surface tension differences 
between microjets were obtained using distinct EtOH concentrations. (d-f) Microphotographs of 
microparticles formed with stepwise tuning of microjet surface tensions. Schematics indicate the surface 
tension-driven encapsulation status per condition. Yellow indicates the core solution, red indicates the shell 
precursor solution and blue indicates the crosslinker solution. (g) Schematic showing the effect of the impact 
location of the crosslinker microjet with microphotographs of resulting micromaterials. Insert schematics 
indicate the surface tension-driven encapsulation status per condition. Yellow indicates the core solution, 
red indicates the shell precursor solution and blue indicates the crosslinker solution.  (h) Quantification of 
microcapsule formation efficiency and number of compartments per microcapsule dependent on 3rd jet 
impact location (n=60 microparticles per condition). * Indicates the formation of beaded microfibers void 
of individual microcapsules. Data is presented as mean values +/- SD. (i) Analysis and microphotographs of 
insufficient, balanced, and excessive ionic crosslinking at different core-microjet CaCl2 concentrations 
(n=350 microparticles). Data is presented as mean values +/- SD. (j) Confocal analysis of a representative 
FITC-conjugated dextran (2000 kDa)-alginate microcapsule (n=3 experiments). A representative 
microparticle (k) Microphotographs and analysis of droplet formation and resulting microcapsules using 
different nozzle sizes and different piezo-electric actuator frequencies (n>100). (l) Literature study for 
continuously produced hollow core-shell microcapsules. Data from this study is indicated in red, while data 
from literature is indicated in black. CV < 10% Is indicated in filled data points, while CV > 10% is indicated 
in empty data points. Horizontal bars indicate particle diameter range found in literature. Circular data 
points indicated studies without the use of oil, while triangular data points indicate studies with the use of 
oil. Scale bars represent 100 μm. 

 
jet containing 100 mM calcium chloride and 55% ethanol (σ3 ~ 28 mN/m) effectively 
yielded triple layered aqueous droplets that ionically crosslinked into water-filled 
thin-walled calcium-alginate microcapsules within milliseconds (Figure 5.2b-d). 
Creating two surface tension gradients was indeed key to producing individual 
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monodisperse capsules, as confirmed by the merging of capsules when using σ1 > 
σ2 = σ3 (Figure 5.2e) and the absence of capsules when using σ1 = σ2 = σ3 (Figure 
5.2f, Figure S5.2). 

Systematic examination of the on-the-fly microcapsule formation by triple-jet IAMF 
revealed that the relative impact location of the third (crosslinker) jet had a 
dominant effect on microparticle morphology (Figure 5.2g and Figure S5.3). 
Quantification reveals that 99.5% ± 0.5% of the microcapsules contained a single 
compartment upon third-jet optimization, which is in stark contrast to the 43% ± 12% 
obtained using a two-jet approach (Figure 5.2h). In principle, the third crosslinker jet 
arrested the in-flight droplet formation and encapsulation processes in its temporally 
defined state. Specifically, introducing the third jet before full droplet pinch-off 
occurred resulted in beaded microfibers, whereas coalescing the third jet with the 
pinched-off calcium-alginate droplets resulted in partly formed (i.e., microbuckets) 
or fully formed microcapsules. Coalescing the third jet too far downstream 
produced polydisperse multi-core capsules that looked similar to microcapsules 
produced with conventional two-jet IAMF. To further characterize and optimize the 
in-air production of ionically crosslinked microcapsules, the concentration of 
calcium in the core liquid of the triple layered aqueous droplets was varied. A 
calcium concentration of <10 mM associated with the collapse of the core upon 
impact with the third jet or with the collection bath (Figure 5.2i). A calcium 
concentration of >100 mM impaired the formation of microcapsules, which can be 
attributed to the accelerated calcium-alginate crosslinking when using higher 
calcium concentrations causing the viscosity of the alginate solution to increase, 
thereby causing larger viscous drag and hampering Marangoni spreading.69 This 
resulted in reproducible production of crescent shaped microbuckets. Indeed, 
reducing the calcium diffusion speed by increasing viscosity through adding 
dextran to the core aided the stable formation of intact calcium-alginate 
microcapsules (Figure S5.4). Of note, adding a viscous crowder (e.g., 10% dextran) 
to the core microjet also reduced droplet deformations upon pinch-off owing to 
increased liquid viscosity of the triple-layered droplet’s core (Figure S5.4). Overall, 
these results revealed that balancing of liquid viscosity, surface tension, crosslinking 
rate, and collision timing enable optimized ultra-high throughput production of 
hollow microcapsules. 

Single-core microcapsules composed of FITC-labeled alginate revealed the 
micrometer thin (6.4 ± 3.9 μm) nature of the microcapsule’s hydrogel shell, which 
was visualized using confocal microscopy (Figure 5.2j, Figure S5.5a). Microcapsule 
size was monodisperse (coefficient of variation; CV < 5%) and could be produced 
over a wide range of diameters, for example 159 ± 7 μm, to 243 ± 9 μm, and to 459 
± 17 μm when using 50 μm, 100 μm, and 150 μm nozzles for the core liquid, 
respectively (Figure 5.2k and Figure S5.5b). Furthermore, capsule size could be fine-
tuned by adjusting the nozzle vibration frequency. Interestingly, adjusting the 
frequency also provided control over the number of hollow compartments per 
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microgel. While a typical hollow microgel containing a single compartment was 
achieved with a stable droplet train using a frequency of 5.5 kHz, other frequency 
regimes produced droplet trains where droplets traveled in doublets (Figure S5.6), 
or even triplets. This results in 83 ± 2% dual-core microcapsules at 2.7 kHz (Figure S5.6), 
and 88 ± 6% triple-core microcapsules at 2 kHz (Figure S5.6). Consequently, triple-jet 
IAMF allowed for ultra-high throughput production of multi-compartment 
microcapsules, which offers opportunities for various biomedical, chemical, 
pharmaceutical, and cosmetic applications.70–73 Of note, triple-jet IAMF technology 
also facilitates such variety of uses as it can produce compartmentalized 
micromaterials from materials other than alginate, as demonstrated by the 
fabrication of microcapsules composed of interpenetrating hydrogel networks of 
ionically crosslinked calcium-alginate and photocrosslinked poly(ethylene glycol) 
(PEGDA) or calcium-alginate and enzymatically crosslinked dextran-tyramine (Dex-
TA) (Figure S5.7). 

To determine the operational window for monodisperse hollow microcapsule 
production, flow rates were systematically investigated and optimized. Single 
compartment hollow microcapsules of 180 ± 8 μm having a highly circular 
morphology (circularity > 0.9) and monodisperse size (CV < 5%) were obtained at 
core and shell microjet flow rates of 900 μm/min and 1100 μl/min, respectively 
(Figure S5.8). Importantly, an extensive literature study39–49,54,55,74–96 revealed and 
confirmed that no other platform rivals triple-jet IAMF microcapsule production as 
in terms of production throughput, resolution, oil-free production, and 
monodispersity (Figure 5.2l, Figure S5.9). Specifically, triple-jet IAMF represents the 
first platform that offers ultra-high throughput production (2 ml/min, 4.2 ml/min and 
6.4 ml/min for 159 μm, 243 μm and 459 μm microcapsules, respectively), high 
resolution (i.e. the possibility for producing particles < 500 μm) and highly 
monodisperse (CV < 5%) microcapsules in an oil-free manner. 

5.3.3 Engineered microcapsules as bioreactors for mass production 
of long-term stable cellular spheroids 
Triple-jet IAMF was then explored for the encapsulation of living cells. Specifically, a 
well characterized fibroblast cell line (3T3) was used to establish the 
cytocompatibility of the microcapsule production process. On-the-fly 
encapsulated cells were collected in a bath composed of cell culture medium to 
ensure near-instant >20 times dilution of ethanol levels, which reached maximally 
~1% concentrations. While a 1% ethanol concentration is considered non-toxic 
when exposing it to cells shorter than 24 hours, microencapsulated cells were 
washed extensively within 1 minute upon collection to further ensure reproducible 
cytocompatibility (Figure 5.3a).97–99 Similarly, physiological calcium concentrations 
were retained upon the before mentioned extensive washes within 1 minute upon 
collection. Indeed, triple-jet IAMF offered excellent cytocompatibility with the 
viable cell fraction as high as 97 ± 2% directly post-encapsulation and 91 ± 4% after 
14 days of culturing (Figure 5.3b). Permeability experiments with Dextran-FITC 
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Figure 5.3 Clean mass production of viable spheroids using in-air generated cell-laden microcapsules. (a) 
Schematic of triple-jet in-air microfluidic cell encapsulation in microcapsules. (b) Viability quantification of 
encapsulated 3T3 fibroblasts with and without 20x dilution upon collection (n=85 microcapsules). Data is 
presented as mean values +/- SD. Microphotographs of (c) solid microgels and (d) hollow microcapsules 
containing 107 3T3 fibroblasts/ml after 0 and 7 days culture. (e) Quantification and microphotographs of 3T3 
fibroblast spheroid diameter within microcapsules during seven days of culture (n=60, p=1.37E-29). Data is 
presented as mean values +/- SD. (f) Confocal fluorescence microphotograph of a microcapsule and its 
3T3 spheroid of which the nuclei are stained with DAPI (blue) and its F-actin is stained with phalloidin (green) 
after 14 days of culture. Microphotographs of spheroids of which their respective microcapsule was instantly 
dissolved using (g) PBS or (h) alginate lyase after 14 days of culture. Microphotographs of (i) non-merging 
encapsulated spheroids and (j) merging de-encapsulated spheroids. (k) Microphotographs of droplet 
formation using solutions containing 0, 2*106 and 107 cells/ml. (l) Quantification of cells per microcapsule for 
various cell concentrations ranging up to 107 cells/ml (n=60). Data is presented as mean values +/- SD. (m) 
Encapsulation efficiency of microcapsule production using 2*106 or 107 cells/ml was quantified (n=60, 
p=1.01E-4). Data is presented as mean values +/- SD. (n) Microphotograph of conventional oil-based 
microfluidic droplet formation using oil and surfactants, microphotograph of samples obtained with oil-
based microfluidics using Oil Red O (ORO) stained oil, and absorbance at 521 nm for residue oil 
quantification. Chip-based sample was obtained through 3 thorough washing steps (n=3). Data is 
presented as mean values +/- SD. Significance was determined based on one-way Anova analysis. 
Significance of p <0.05 is indicated by *. A.U. Indicates arbitrary units. Scale bar is 200 μm unless stated 
otherwise. 

 
conjugates revealed excellent permeability with an approximate diffusion cutoff of 
2000 kDa (Figure S10), While conventional matrix-type (i.e., solid) calcium-alginate 
microgels did not support spheroid formation of 3T3 cells (Figure 5.3c), hollow 
microcapsules readily enabled rapid cell aggregation, which resulted in 3D 
microtissues formation with aggregate diameters of 99 ± 16 μm (CV = 16%) (Figure 
5.3d-f). The cell spheroids could be straightforwardly retrieved from the 
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microcapsules in an enzyme-free manner by exposing the microcapsules to 
phosphate-buffered saline (PBS) solution, which dissolved the calcium-alginate by 
competitively binding and extracting the calcium that ionically crosslinked the 
polymer network to form calcium phosphate, which is not dissolvable in water 
(Figure 3g). In addition, cell spheroids could be retrieved by bio-orthogonal 
enzymatic digestion of the alginate using alginate lyase (Figure 5.3h). Notably, while 
encapsulated spheroids remained separate (Figure 5.3i), retrieved non-
encapsulated spheroids merged upon further culture (Figure 5.3j), which underlined 
the advantage of microcapsule culture to obtain and maintain controlled spheroid 
sizes.20 The optimized microencapsulation platform was then tested for different cell 
concentrations. Although introducing cells into the polymer solution associates with 
introducing a granularity into the liquids that at high concentrations could adversely 
affect jet breakup (Figure 5.3k), 3T3 fibroblasts using cell concentrations ranging 
from 106 cells/ml to 107 cells/ml, which corresponded to payloads of 5 ± 2 to 63 ± 17 
cells/microcapsule, readily allowed for reproducible and stable 
microencapsulation (Figure 5.3l,m and Figure S5.11). 

A key advantage of IAMF over conventional chip-based microfluidics 
encapsulation strategies is its oil-free nature. As oil residue is known to comprise cell 
viability,35,37 associate with immune adjuvant effects,36 and contribute to 
development of autoimmune diseases,36 clinical translational potential of 
conventional microfluidic strategies is limited. We demonstrated that micromaterials 
produced with IAMF-based cell encapsulation does not contain oil while 
microcapsules produced via chip-based microfluidic emulsification, even after 
extensive washing (i.e., >106 times diluted via 3 washing steps using >100x excess of 
liquid) contains oil residues (Figure 5.3n). Together, these results highlight the clean 
nature of triple-jet IAMF encapsulation, which is expected to facilitate clinical and 
industrial translation of this technology for the clean mass production of 3D 
microtissues for clinical or biomedical applications. 

5.3.4 Engineering embryoid bodies using size-controlling 
microcapsules 
We then investigated whether microcapsules could act as bioreactors, enabling 
mass production of high quality EBs. To this end, microcapsules were laden with ~20 
human pluripotent stem cells and suspension-cultured in Essential 8 (E8) stem cell 
medium, which was supplemented with PVA and ROCK inhibitor during the first 24 
hours only (Figure 5.4a). Microencapsulated hPSCs aggregated into compact 3D 
cell spheroids within two days (Figure 5.4b, Figure S5.12). Within six days, the vast 
majority (92% ± 1%) of hPSC spheroids underwent lumenogenesis, which was 
progressively developing and did not associate with the formation of a necrotic 
core (Figure 5.4c-f). Specifically, the volume of the average lumen grew by >30 fold 
between day two and six of microencapsulated suspension culture (Figure 5.4f). In 
mammalian embryogenesis, lumenogenesis of blastocyst is essential for the 
formation of the trophoblast lineage, its separation from the inner cell mass, and the 
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subsequent formation of the three germ layers of the embryo proper.100 
Subsequently, cavitation plays a key role at the rosette-stage in formation of the 
amniotic cavity.101 Hence, high efficiency lumenogenesis is of high value for both 
embryonic self-organization and EB-mediated organoid formation25,27,28,102–105. The 
pluripotent character of the hPSC-spheroids was confirmed by pluripotency markers 
Sox2 and Oct3/4, which were expressed in 98% ± 4% and 89% ± 9% of the PSC-
microspheres, respectively, which was comparable to pluripotency marker levels 
observed in conventional monolayer cultures (100% ± 1% Sox2 and 94% ± 10% 
Oct3/4) (Figure 5.4g and Figure S5.13). 

hPSC-Spheroids cell population variation was investigated through single cell RNA 
sequencing, which revealed that the populations of single cells of 
microencapsulated hPSCs and conventional hPSCs were near-identical regarding 
transcriptional expression of naïve pluripotency markers (e.g., NANOG) and primed 
pluripotency (e.g., SALL2, CD24, ZLC3, SFRP2, and CDH1) (Figure 5.4h). This is 
advantageous as it indicates that this production platform is highly comparable in 
quality to conventional techniques, while supporting upscaling via suspension 
culture. Although highly similar, several interesting distinctions were observed: while 
gene expression of biosynthesis markers (HMGCS1, HMGCR, CYP51A1, ACLY, 
DHCR24, SCD, FDFT1, IDH1, and MSMO1) was higher in conventional non-
encapsulated hPSCs, the gene expression of glycolytic markers (APP, PGM1, GPI, 
PKM, LDHA, and PGK1) was higher in encapsulated EBs (Figure 4i,j). This is likely of 
value as high glycolytic flux is critical in obtaining and maintaining pluripotency,106–

108 and it is known that primed pluripotent stem cells are typically exclusively 
glycolytic as compared to naïve pluripotent stem cells, which rely relatively more 
on oxidative metabolism.109,110 

To further investigate the cytoarchitecture of the self-organizing spheroids, we 
visualized and measured nucleus position, cell orientation, and cell aspect ratio 
(Figure 5.4k-m, Figure S5.13). Cells within spheroids were consistently characterized 
by peripherally located nuclei with a dnucleus/dcell of 0.68 ± 0.11, an aspect ratio 
dradial/dtangent of 0.44 ± 0.18 and a predominantly radial orientation ϴcell-ϴrad of 2.3° ± 
19.7° (Figure 5.4l-n). This highly anisotropic cytoarchitecture indicated formation of 
columnar epithelium, which, combined with the observed lumenogenesis and 
positive primed pluripotency markers including OTX2, FGF2, ZIC2 and SFRP2 (Figure. 
5.4h),100 indicate resemblance to rosette-stage epiblast .101 However, more research 
is needed to confirm this hypothesis. 

Timelapse observations of growing microencapsulated hPSCs revealed that 
lumenogenesis was strongly correlated with a physical size threshold. Specifically, 
lumenogenesis exclusively and rapidly occurred in spheroids with Dspheroid ≳100 μm 
(Figure 5.4o). Spheroid formation and lumen formation was more controlled, 
homogeneous, and monodisperse in microcapsules as compared to microwell 
culture, with 172 μm ± 31 μm (CV 18%) and 92.4% ± 0.8% of lumenogenesis in  
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Figure 5.4. Microencapsulated human pluripotent stem cells self-organize into polarized cavitated embryoid 
bodies. (a) Schematic and (b) representative microphotographs of aggregation, compaction, and 
cavitation of human pluripotent stem cell (hPSC)-laden microcapsules. (n=3 experiments) (c) Fluorescence 
microphotograph of embryoid body (EB) stained with calcein AM (green) and ethidium homodimer (red) 
to visualize life and dead cells, respectively. (d) Confocal fluorescence Z-projection of a DAPI stained 
cavitated EB. (e) Quantification of distance between nuclei and centroid of EBs (n=250 cells). Data 
presented as mean values +/- SD. (f) Quantification of diameter of lumen of microencapsulated EBs over 
time (day2: n=8, other conditions: n=48). Data presented as mean values +/- SD. (g) Confocal fluorescence 
microphotographs of EB fluorescently stained for nuclei (blue), SOX2 (green), and Oct3/4 (yellow). (h) Gene 
expression analysis for naïve pluripotency (NANOG) and primed pluripotency (SALL2, CD24, ZLC2, SFRP2, 
CDH1) for conventional microwell cultured EB control (red) and microencapsulated EBs (blue) (hPSCs 
n=208, Microcapsule EB n=333). (i) Single cell RNA sequencing heatmap of marker genes with highlighted 
genes related to biosynthesis (HMGCS1-MSMO1) and glycolysis (APP-PGK1). (j) GO-term networks of 
differences between conventional microwell cultured EB control (red) and microencapsulated EBs (blue). 
(k) Fluorescence confocal microphotograph of EB stained with Draq5 (orange) for nuclei, and Cellmask 
(green) for cell membrane. White dotted line indicates (l) histogram of Draq5 and Cellmask. A.U. Indicates 
arbitrary units. (m) Schematic of EB with distance of nucleus perpendicular to the cavity (dNucleus), length of 
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the cell perpendicular to the cavity (dCell), distance of the cell radial (dradial) and perpendicular (dperpendicular), 
and orientation of the cell compared to the EB’s centroid (ϴcell-ϴrad). (n) Quantification of nucleus position 
and the aspect ratio and orientation of the cells. (n=57 cells) Data is presented as mean values +/- SD. (o) 
Quantification of embryoid body diameter over time, with individual denomination for EBs without cavity 
(red) and with cavity (blue) (n>110). (p) Microphotographs hPSCs aggregates at different cell 
concentrations formed using the conventional microwell technique. (q) Quantification of aggregation and 
cavitation process of hPSCs at different cell concentrations using microwells and in-air microencapsulation 
(microwells: n=30 microtissues, microcapsules: n=175 microtissues). Data presented as mean values +/- SD. 
Black scale bar represents 100 μm. White scale bar represents 50 μm. 

 

microcapsules and 198 μm ± 65 μm (CV 33%) and 72.5% ± 16% of lumenogenesis in 
microwells. It was observed that when microcapsules became fully confluent (e.g., 
after five days of culture) the size of the cell mass stabilized. Since microcapsule size 
remained constant upon confluency, this offers an elegant manner of spheroid size 
control by imposing a designable spatial confinement defined by microcapsule 
size. To investigate if lumen formation indeed correlated with cell mass size, we 
prepared small, medium, and large spheroids by seeding 20, 500, and 5000 hPSCs 
per conical non-cell-adhesive culture chamber. As hypothesized, lumenogenesis 
efficiency correlated with the number of cells per microwell and thus size (Figure 
5.4p,q). Specifically, no cavitation was observed in the larger spheroids while 34.4% 
± 4.1% of medium-sized encapsulated hPSC spheroids underwent lumenogenesis, 
albeit in an uncontrolled manner characterized by the formation of multiple lumens 
of various sizes (Figure 5.4p). In marked contrast, only small spheroids developed 
into single-lumen 3D cell spheroids in a fairly reproducible manner (i.e., 72% ± 16% 
lumenogenesis efficiency), albeit with a significantly lower efficiency than triple-jet 
IAMF microencapsulated EBs (i.e. 92.4% ± 0.8% lumenogenesis efficiency) (Figure 
5.4q). This improved performance of 3D microcapsules could potentially be 
explained by the conformal encapsulation, which unlike microwells controls 
molecule transport via diffusion by locally preventing convection, therefore 
allowing for the more efficient buildup of an autocrine microenvironment.111  

5.3.4 Engineering monodisperse functional cardiospheres using 
IAMF-generated bioreactors 
To further explore the translational potential of IAMF-generated microcapsules as 
bioreactors, microencapsulated EBs were differentiated into functional 
cardiospheres. Immediately following aggregation and compaction of on average 
20 hPSCs per microcapsules, mesoderm transition and cardiac differentiation were 
induced by exposing the resulting microencapsulated EBs to mesoderm 
differentiation medium for three days and subsequently to cardiac differentiation 
medium for 22 days (Figure 5.5a). Successful cardiosphere development was 
investigated and confirmed by visualizing the expression of Mesoderm Posterior 
BHLH Transcription Factor 1 (MESP1) and homeobox  
protein NKX2-5 using genetically engineered reporter hPSC cell lines (Figure 
5.5b,c).56 After 22 days, 94.3% ± 0.5% of encapsulated cells expressed Green 
Fluorescent Protein (GFP) (Figure 5.5d), which indicated activation of NKX2-5  
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Figure 5.5. Mass production of functional cardiospheres using in-air generated human pluripotent stem cell-
laden microcapsules. (a) Schematic of aggregation, mesoderm transition, and myocardial differentiation 
of human pluripotent stem cells (hPSC)-laden microcapsules. (b) Fluorescence microphotograph of MESP1 
mesoderm marker in hPSC-laden microcapsules after four days of culture. (c) Fluorescence 
microphotograph of NKX-2.5 myocardial marker in hPSC-laden microcapsules after 11 days of culture. (d) 
Quantification of NKX-2.5 positive cells after 22 days of encapsulated culture (n=126). Data presented as 
mean values +/- SD. (e) Uniform manifold approximation and projection (UMAP) plot of non-differentiated 
hPSCs (blue) (n=208), microencapsulated EBs (purple) (n=333), control cardiac culture (red) (n=162) and 
microencapsulated cardiospheres (green) (n=193). UMAP heatmaps of (f) NANOG and (g) TNNT2. (h) Single 
cell RNA sequencing heatmap of marker genes corresponding to identified clusters. (i) Gene ontology 
heatmap of differential genes per cluster. Columns from left to right: 1) Upregulated in PSC conditions vs 
cardiac conditions, 2) Upregulated in cardiac conditions vs PSC, 3) Upregulated in hPSC versus pluripotent 
EB microcapsule, 4) Upregulated in pluripotent EB microcapsule versus hPSC, 5) Upregulated in cardiac EB 
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versus cardiac microcapsule. GO-terms with a gene ratio > 0.05 were visualized. P-adjust corrected using 
Benjamini-Hochberg correction for multiple comparisons. (j) Fluorescence microphotographs and analysis 
of calcium flux by Fluo-4 staining (green). A.U. Indicates arbitrary units. (k) Analysis of calcium flux intensity 
in encapsulated cardiospheres without stimulation, or with stimulation using an electrical current with a 
frequency of 0.5 Hz, 1 Hz, and 2 Hz (n=17). (l) Quantification of contracting encapsulated cardiospheres 
with or without electrical stimulation (n=120, p=5.19E-6). Data presented as mean values +/- SD. (m) 
Quantification of time between contractions with or without electrical stimulation (n=50). Data presented 
as mean values +/- SD. (n) Fluorescence microphotograph of hPSC α-actinin reporter (mRubyll) in 
differentiated encapsulated cardiomyocytes after 18 days of culture. (o) Fluorescence microphotograph 
showing shortening of sarcomeres during contraction in encapsulated hPSC-derived cardiomyocytes. (p) 
Ratiometric image of contracted/non-contracted microphotographs of encapsulated cardiospheres. (q) 
Quantification of contraction by assessment of single sarcomeres in encapsulated cardiospheres (n=66 
sarcomeres). Data presented as mean values +/- SD. (r) Quantification of contraction by assessment of 
fraction area change of non-encapsulated and encapsulated cardiospheres (n=40 cardiospheres). Data 
presented as mean values +/- SD.  Scale bar represents 100 μm. 

 
expression and highly efficient cardiac differentiation comparable to previously 
reported optimized yet low-throughput cardiac differentiation strategies.112 

Next, the quality of cardiac differentiation within the microcapsules in terms of 
population heterogeneity was investigated. To this end, single cell RNA sequencing 
was performed on cardiac differentiated hPSCs that were cultured in 
microcapsules or with conventional cardiac culture in cell culture wells, which were 
compared to undifferentiated hPSCs and microencapsulated cavitated hPSCs 
(Figure 5.5e). It is important to note that conventional cardiac culture in 2D cell 
culture wells will form 3D tissues and therefore does not resemble traditional 
monolayer culture. Differentiation towards the cardiac lineage associated with loss 
of pluripotency markers (e.g., NANOG) (Figure 5.5f) and transcription of cardiac 
markers (e.g., TNNT2, RYR2, and MYL7) (Figure 5.5g, Figure S5.14) in both 
microencapsulated and conventional cardiac culture. Importantly, no notable 
subpopulation was observed among the microencapsulated cardiospheres, 
indicating that the hPSC-derived cardiomyocyte population was highly similar at 
the single cell level. This is a highly desirable feat as it demonstrates that IAMF-
generated microcapsules can act as bioreactors for the mass production of high 
quality (e.g., homogeneous) hPSC-derived cardiomyocyte populations.  

Heatmap analysis of the genes that were differentially expressed between the 
obtained single cell RNA sequencing data sets (i.e., undifferentiated hPSCs, hPSC-
derived cavitated EBs, conventional cardiac culture, and microcapsule 
cardiospheres) revealed that the gene expression profiles of conventional cardiac 
cultures and microcapsule-mediated mass-produced cardiospheres were near-
identical (Figure 5.5h, Figure S5.15). Gene ontology analysis of identified cell clusters 
revealed that non-differentiated hPSCs differentially expressed genes relating to 
cell proliferation and metabolism as compared to differentiated cardiospheres 
(Figure 5.5i and Figure S5.15). Compared to non-differentiated hPSCs, both 
encapsulated cardiospheres and conventional cardiac culture showed increased 
expression for cardiac tissue formation markers with no major differences between 
microencapsulated and conventional conditions. Consequently, this suggested 
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that in-air mass production using bioreactors offers similar high quality 
cardiomyocytes and cardiac culture as conventional non-scalable production 
methods. 

Time-resolved microscopy confirmed that microencapsulated cardiospheres 
underwent spontaneous contraction (Supplementary Video 5.2), which coincided 
with a calcium flux as visualized using a fluorescently labeled calcium indicator Fluo-
4 AM (Supplementary Video 5.3 and Figure 5.5j). Furthermore, exposure to cyclical 
electrical stimulation at various physiologically relevant frequencies (0.5 Hz, 1 Hz and 
2 Hz) resulted in synchronized corresponding contractile behavior of all observed 
mass produced cardiospheres at near 100% efficiency (Figure 5.5k-m), which 
corroborated successful cardiac differentiation and function113. Interestingly, the 
possibility of pacing cardiospheres within microcapsules facilitates controlled 
electrical stimulation of cardiosphere suspension cultures, for example, to mature 
engineered cardiac tissue constructs in vitro while still allowing for safe and facile 
(down-stream) handling of mass produced cardiospheres.113–115 

Microencapsulated cardiospheres contractility was quantified using hPSCs that 
were genetically modified to express fluorescent α-Actinin/mRubyII fusion protein to 
visualize the cell’s sarcomere Z-lines, which allowed for time-resolved analysis in live 
cells (Figure 5.5n, Figure S5.16, Supplementary Video 5.4).57,116 Specifically, we 
measured shortening of sarcomeres on a single-cell level by determining the length 
between two adjacent Z-lines during contraction events. This revealed that 
sarcomeres contracted to 82 ± 9% of their original length upon 5 V external pacing 
(1.68 μm ± 0.17 μm in original state and 1.43 μm ± 0.17 μm in contraction) (Figure 
5.5o-q), which is in line with findings in literature (1.73 μm ± 0.015 μm in original state 
and 1.54 ± 0.014 μm in contraction, which correlates to 89% of its original length).116 
In addition, contraction was also quantified in terms of fraction area change, which 
revealed a 0.024 ± 0.016 fraction area change upon contraction (Figure 5.5r), which 
was not readily quantifiable using fraction area change within conventional 
cardiac cultures (Supplementary Video 5.5), thus offering improved functional read-
outs for various applications such as developmental biology and drug testing.  

To conclude, we report on a microfluidic production platform that can produce 
cellular spheroids in a clean manner (i.e., oil-free and surfactant-free) at a rate that 
is orders of magnitude faster than conventional approaches, with high control and 
resolution, which uniquely enables the production of these living 3D microtissues at 
clinically and industrially relevant scales. Specifically, a triple-jet strategy was 
designed to controllably collide microdroplets of distinct chemical compositions in-
air, in an in-line fashion, to produce hollow thin-shelled hydrogel microcapsules, 
which were demonstrated to be capable of acting as highly efficient microtissue-
forming bioreactors. These mass produced microcapsules allowed hPSCs to 
autonomously undergo lumenogenesis to form cavitated pluripotent spheroids with 
polarized cytoarchitecture. Exposing mass produced hESC-laden microcapsules to 
myocardial differentiation medium resulted in production of high quality functional 
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cardiospheres that were composed of a homogenous cell population, as 
confirmed by single cell RNAseq. Taken together, we here present a microfluidic 
platform for the mass production of 3D functional living microtissues which opens 
new areas of research and drives clinical and industrial adoption in application 
areas such as tissue engineering, drug testing, and cultured meat. 
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5.4 Supplementary Information 

 

Figure S5.1. In Air microfluidics using a two-nozzle setup results in formation of uncontrolled multi-
compartment microparticles. (a) Schematic of two-nozzle setup, inside-out crosslinking process, and 
mechanism by which multi-compartment microparticles are formed. (b) Microphotograph of formed 
microparticle using two-nozzle in-air microfluidics. Scale bar represents 200 μm. 
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Figure S5.2. In Air microfluidics three-nozzle setup for In Air droplet encapsulation. (a) Photograph of a three 
nozzle In Air microfluidics setup, with a piezo-electric actuator attached to the first nozzle. (b) 
Microphotographs of the encapsulation process with σ1 = σ2 = σ3, σ1 > σ2 = σ3 and σ1 > σ2 > σ3. Red arrows 
indicate spraying and improper encapsulation, green arrows indicate proper encapsulation. Scale bar 
represents 200 μm. 

 

 
Figure S5.3. Third jet coalescence location dictates hollow microcapsule formation. Effect of in-air flight time 
before third jet coalescences with the droplet train as analyzed in terms of percentage of single 
compartment, circularity, and monodispersity of produced microparticles (n>85). 
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Figure S5.4. Effect of dextran in core liquid on hollow microcapsule formation. (a) Number of hollow 
compartments per microparticle using dextran core liquid concentrations of 0%, 5%, 10%, and 20%, 
including corresponding microphotographs (n=60). Data is presented as mean values +/- SD.  (b) 
Microphotographs and (c) quantification of circularity of formed droplets with and without 10% dextran. 
Scale bar represents 400 μm. 

 

 
Figure S5.5. Hollow microcapsule morphology. (a) Quantification of shell thickness of in-air produced 
microcapsules (n=107). Data is presented as mean values +/- SD. (b) Quantification of microcapsule 
diameter and monodispersity using different nozzle sizes and different piezo-electric actuator frequencies 
(n=100). Data is presented as mean values +/- SD. 
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Figure S5.6. Controlled production of multi-core microparticles by adjusting piezo-actuator frequency. (a) 
Microphotographs of droplet formation at 5.5 kHz and 2.7 kHz. (b) Microphotograph of dual-core 
microcapsules (c) and triple-core microcapsules. (d) Quantification of percentage single-, dual-, and triple-
core microcapsules (n=169 microparticles). Data is presented as mean values +/- SD. Scale bar represents 
200 μm. 
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Figure S5.7. In Air production of microcapsules using photocrosslinkable and enzymatic crosslinkable 
materials. Microphotographs of ionically crosslinked alginate microcapsules, photocrosslinked PEGDA 
microcapsules, and enzymatic crosslinked dextran-tyramine microcapsules, before and after EDTA 
treatment. Dex-TA microcapsules post-EDTA were stained with ethidium homodimer (red). Scale bar 
represent 100 μm. 

 
Figure S5.8. Flow rate optimization for microcapsules production. Quantification of the percentage of 
microparticles containing a single compartment, circularity of formed microparticles, and microparticle 
monodispersity. Setup used: Nozzle 1 (50 μm) at 900 μl/min, nozzle 2 (50 μm) at 1100 μl/min, nozzle 3 (100 μm) 
at 1500 μl/min. (a) Effect of first nozzle flow rate on microparticle formation (n=100). (b) Effect of second 
nozzle flow rate on microparticle formation (n=100). (c) Effect of third nozzle flow rate on microparticle 
formation (n=100). (d) Effect of total production flow rate on microparticle formation (n=100). Ratios 
between flow rates were kept constant at the ratio described above. 



629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo629979-L-bw-vanLoo
Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024Processed on: 29-1-2024 PDF page: 118PDF page: 118PDF page: 118PDF page: 118

108 | Chapter 5 

 

2 

5 

3 

4 

5 

6 

7 

8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5.9. Literature study for continuously produced hollow core-shell microcapsules. Elaboration of 
figure 2l with corresponding studies per datapoint. 
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Figure S5.10. Permeability of microcapsules. Fluorescent confocal micrographs of microcapsules incubated 
for 30 minutes in Dextran-FITC containing solutions of 150 kDa, 500 kDa and 2000 kDa. Representative 
micrographs out n=3 experiments. Scale bars represent 100 μm. 

 

 

Figure S5.11. In Air microencapsulation of 3T3 Fibroblast within alginate microcapsules. Microphotographs 
of 3T3 fibroblast-laden microcapsules produced using a variety of cell concentrations. Representative 
micrographs out n=3 experiments. Scale bars represent 200 μm. 
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Figure S5.12. Embryoid body formation by in-air microcapsulated hPSCs. Microphotographs of 
encapsulated hPSCs show aggregation and lumenogenesis. Representative micrographs out n=3 
experiments. Scale bar represents 200 μm. 

 

 

Figure S5.13. Mass production of embryoid body by in-air microcapsulating hPSCs. (a) Microphotograph of 
EBs formed within in-air produced alginate microcapsules. Representative micrographs out n=3 
experiments. (b) Fluorescence microphotograph of EBs produced using microwells with 5000 
cells/microwell, which were stained with DAPI for nuclei (blue), SOX2 (green), and OCT3/4 (yellow) for 
pluripotency. (c) Quantification and comparison of pluripotency by percentage of cells positive for SOX2 
and OCT3/4 between EBs produced with conventional microwells or In Air microfluidics (n=300 cells). Data 
is presented as mean values +/- SD. Significance was determined based on one-way Anova analysis. 
Significance was determined based on one-way Anova analysis. Significance of p <0.05 is indicated by *. 
(d) Confocal microphotograph of an EB with its nucleus stained with Draq5 (orange) and its cell membrane 
stained with CellMask (green). Scale bars represent 50 μm. 
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Figure S5.14. Single cell RNA sequencing UMAP plots for pluripotency and cardiac markers. Heatmap of 
NANOG, TNNT2, MYL7 and RYR2 gene expression in UMAP plots. 
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Figure S5.15. Single cell RNA sequencing Seurat cluster data. (a) Seurat clusters. (b) Correlation using 
differential expression genes between conditions. (c) Heatmap of marker genes corresponding to identified 
clusters. (d) Gene ontology heatmap of differential genes per cluster. P-adjust corrected using Benjamini-
Hochberg correction for multiple comparisons. 
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Figure S5.16. Functional human cardiospheres produced in mass using in-air microfluidics. (a) 
Microphotograph of encapsulated human pluripotent stem cells immediate after microencapsulation. (b) 
Microphotograph of encapsulated cardiospheres after 22 days of cardiac differentiation. Fluorescence 
microphotograph of α-actinin reporter in differentiated cardiomyocytes cultured after (c) 11 days and (d) 
22 days of culture. Scale bars represent 100 μm. 

 
Supplemental movie S5.1 (still). In Air Microfluidic setup for mass production of microcapsules. Sequential 
start flow of core jet, actuation of piezo element at 5.5 kHz, start flow shell-precursor jet and start flow 
crosslinker jet. 
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Supplemental movie S5.2 (still). Spontaneous contraction of cardiospheres. Brightfield microscopy video of 
spontaneously contracting cardiospheres within In Air generated microcapsules. 

 

Supplemental movie S5.3 (still). Calcium flux of (non-)stimulated cardiospheres. Calcium flux of 
cardiospheres within In Air generated microcapsules as visualized by Fluo-4 AM. Cardiospheres were 
stimulated at 0Hz, 0.5 Hz, 1 Hz and 2 Hz. 
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Supplemental movie S5.4 (still). Sarcomere contraction in non-stimulated cardiospheres. Brightfield video, 
fluorescent microscopy video for NKX 2-5 GFP-positive and fluorescent microscopy video for alpha-actinin 
mCherry-positive sarcomeres in a cardiospheres within an In Air generated microcapsule 

 

Supplemental movie S5.5 (still). Control plated cardiospheres. Brightfield video of control cardiospheres 
which were plated on a culture plate.  
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6 
g 
Single-step biofabrication of in situ 
spheroid-forming compartmentalized 
hydrogel for clinical sized cartilage tissue 
formation

 

3D cellular spheroids offer more biomimetic microenvironments than 
conventional 2D cell culture technologies, which has proven value for 
many tissue engineering applications. Despite the beneficiary effects of 3D 
cell culture, clinical translation of spheroid tissue engineering is challenged 
by the limited scalability of current methods of spheroid formation. 
Although the recent adoption of droplet microfluidics can provide a 
continuous production process, the use of oils and surfactants, the 
generally low throughput, and requirement of additional biofabrication 
steps hinder clinical translation of spheroid culture. Here we report on the 
use of clean (e.g., oil-free and surfactant-free), ultra-high throughput (e.g., 
8.5 ml/min, 10.000 spheroids/s), single-step, in-air microfluidic biofabrication 
of spheroid forming compartmentalized hydrogels. We demonstrated that 
this novel technique could reliably produce 1D, 2D, and 3D 
compartmentalized hydrogel constructs in the form of fibers, plane, and 
volumes, which each allowed for distinct (an)isotropic orientation of hollow 
spheroids forming compartments. The spheroids that were produced within 
ink-jet bioprinted compartmentalized hydrogels outperformed 2D cell 
cultures in terms of chondrogenic behavior. Moreover, we demonstrated 
that the cellular spheroids could be harvested from compartmentalized 
hydrogels and used to build shape-stable centimeter-sized biomaterial-free 
living tissues in a bottom-up manner. Consequently, it is anticipated that in-
air microfluidic production of spheroid forming compartmentalized 
hydrogels could advance the production and use of cellular spheroids for 
various biomedical applications.
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6.1 Introduction 

Two dimensional (2D) in vitro cell culture has historically been the gold standard in 
the field of tissue engineering, which aims to repair, regenerate, or replace 
damaged living tissues. However, conventional 2D cell culture environments do not 
resemble their natural in vivo counterpart and thus adversely affect cellular 
behavior.1–5 Three dimensional (3D) cell cultures such as cellular spheroid or 
organoids have allowed for a more biomimetic approach towards cell culture.6–8 It 
has been widely reported that biomimetic 3D spheroid cultured cells outperform 2D 
cultured cells when utilized for tissue engineering, 9–13 and can facilitate more 
reliable drug target discovery and enable engineering of macroscopic tissue 
constructs with improved functionalities.14–19 For example, 3D printing of stem cell 
spheroid-laden bioinks improves functional behavior (e.g., chondrogenic 
differentiation and cartilage matrix deposition) of biofabricated constructs.20 
Although promising, 3D culture techniques such as spheroid culture are hindered in 
their clinical translation by their production methods, which are often batch 
processes that are characterized by low production rates. These batch production 
technologies such as microwells9,10,12,21–24 and hanging drops13,25–27 require multiple 
complex and time-consuming steps that only offer a limited yield of spheroids. 
Although specific bioreactor approaches could allow for higher production yields, 
they are still limited to being batch processes that often associate with low levels of 
control of spheroid diameter as compared to compartmentalized technologies 
such as microwells and hanging drops.28 While this might be sufficient for the small 
lab scale experimentation, a robust single step biofabrication technology with high 
production rates and high monodispersity remains needed to facilitate the clinical 
translation of spheroid technology for clinically sized tissues.29,30 

Microfluidic compartmentalization has recently been explored to evolve spheroid 
production from a batch process towards a continuous process. Microfluidic 
encapsulation of cells in hollow biomaterial compartments allows for the controlled 
continuous production of cellular spheroid forming microbioreactors, which offers a 
higher production rate than conventional batch-based processes.31–39 However, 
the design of conventional on-chip microfluidic droplet generators prevents the 
widespread clinical use of microfluidic produced spheroids owing to a variety of 
reasons. Firstly, conventional on-chip microfluidics requires the use of immiscible 
fluids for droplet formation which often necessitates the use of oils and surfactants 
that are known to be potentially harmful and often incompatible with clinical 
applications.40–44 Produced spheroid-forming compartments therefore need 
extensive washing in an attempt to remove the oil and surfactants before 
culture/use, which associates with time-demanding artisanal processes that 
adversely affect cell viability.45,46 Secondly, while conventional on-chip microfluidics 
allows for continuous spheroid production, droplet formation is often limited to the 
dripping regime resulting in low throughputs (<10 μl/min), which is still insufficient for
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most clinical applications.47 Lastly, retrieving spheroids from their compartments to 
enable further biofabrication processing typically requires a complex multistep 
process that can adversely affects cell survival.44 Consequently, a clean, fast, cell-
friendly, and single step biofabrication strategy that can endow large engineered 
tissues with in situ spheroid forming properties has remained wanted. 

Here, we introduce a novel In Air microfluidics (IAMF)48 based bioprinting technique 
that overcomes the translational limitations of spheroid use. Specifically, IAMF 
enabled the engineering of living matter that contained biomaterial-free cell-laden 
compartments, which acted as spheroid forming microreactors. Advantageously, 
this innovative approach represents a single step biofabrication technique for the 
engineering of clinically-sized hydrogels that contain a high density of cellular 
spheroids that are produced at clinically relevant rates (1-8.5 ml/min equaling 
10.000 spheroids/s). This significant increase in production throughput is achieved 
by IAMF’s ability to monodispersly endow ink-jet bioprinted bioinks with hollow 
compartments in the jetting regime, while conventional on-chip approaches are 
limited to the much slower dripping regime.49 This novel biofabrication process is 
also remarkably clean as IAMF obviates the traditional need for oils, surfactants, or 
sacrificial templates to create the hollow compartments within engineered tissues. 
In addition to conventional machine-based ink-jet bioprinting, we demonstrated 
that our in-line bottom-up biofabrication could also be used in the form of a simple 
handheld device to manually print spheroid-forming compartmentalized hydrogels 
with multiple complexities, which further facilitates the technology’s compatibility 
with clinical applications. While the translational challenges of upscaled production 
of microtissues are important for a plethora of distinct tissue types,28 we produced 
clinical-sized cartilage tissues to function as a model tissue while acknowledging 
that a wide range of other (organ) shapes could also be produced using this 
approach. 

6.2 Materials and Methods 

6.2.1 IAMF setup 
The IAMF setup for compartmentalized hydrogel consisted of two tapered nozzles 
(Idex Health&Science) of similar nozzle diameter, positioned at an angle of ± 40°, 
which were aligned using micrometer-precision XYZ-stages (Thorlabs). The nozzles 
were connected to Luer-lock glass syringes (Hamilton) with fluorinated ethylene 
propylene (FEP) tubing (ID 250 μm, DuPont). Flow rate was controlled by low-
pressure syringe pumps (neMESYS, Cetoni). The primary nozzle was connected to a 
piezoelectric actuator, which was operated at 5 Vpp with frequencies between 1 
and 10 kHz, depending on the used nozzle diameter, allowing controlled break-up 
of the microjet. The secondary nozzle was aligned such that its microjet coalesces 
with the monodisperse droplet train of the primary microjet. Controlled droplet 
break-up and coalescence of the microjet with the droplet train was confirmed 
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using a high-speed microscope camera (SMZ800N, Nikon attached with a uEye usb 
camera, IDS). 

6.2.2 Alginate compartmentalized hydrogel production and 
analysis 
The primary microjet consisted of 10% (w/v) dextran (40 kDa, Pharmacosmos) and 
50 mM calcium chloride (CaCl2) (Sigma-Aldrich) in dH2O. The secondary microjet 
consisted of 0.5% (w/v) sodium alginate (80 ~120 cP, FUJIFILM Wako) (and 10% (v/v) 
ethanol (EtOH) in dH2O. Different nozzle diameters (50 μm, 100 μm, 150 μm, and 200 
μm) were used to produce compartments of different compartment sizes. For 50 μm 
diameter nozzles, flow rates of 0.9 ml/min and 1.1 ml/min were used respectively for 
the primary and secondary microjets with an actuator frequency of 6.5 kHz. For 100 
μm diameter nozzles, flow rates of 2 ml/min and 2.2 ml/min were used respectively 
for the primary and secondary microjets with an actuator frequency of 5.5 kHz, or 
flow rates of 4 ml/min and 4.5 ml/min were used respectively for the primary and 
secondary microjets if indicated that the total flow rate was 8.5 ml/min with an 
actuator frequency of 5.5 kHz. For 150 μm diameter nozzles, flow rates of 3 ml/min 
and 3.2 ml/min were used respectively for the primary and secondary microjets with 
an actuator frequency of 4.5 kHz. For 200 μm diameter nozzles, flow rates of 4 ml/min 
and 4.2 ml/min were used respectively for the primary and secondary microjets with 
an actuator frequency of 3.5 kHz. The microjets were characterized by We ± 25 using 
collisional angles of ± 40°, which corresponded to Weimpact ± 10. 

Compartmentalized hydrogels were produced using multiple fabrication options. 
For the first option, nozzles were fixed in position and the in-air formed compartments 
were collected in a petri dish on a moveable XZ-collection stage for the production 
of compartmentalized hydrogels. For the second option, nozzles were fixed upon 
the moveable printhead (1 m/s) of a 3D printer (Inkredible+, CELLINK) and the in-air 
formed compartments were collected in a petri dish for the production of 
compartmentalized hydrogels. For the third option, nozzles were fixed upon a 
handheld device, allowing manual deposition of in-air formed compartments for 
the production of compartmentalized hydrogels. Regardless of which setup was 
being used, 1D fibers, 2D planes, and 3D volumes of compartmentalized hydrogel 
could be produced by controlled movement of either nozzles or collection petri 
dish. 

Compartmentalized hydrogels were visualized using brightfield microscopy (EVOS 
FL Imaging System, ThermoFisher). Compartment diameter was measured using the 
Feret diameter. The hollow nature of the compartments was investigated via the 
addition of 0.5 mg/ml 2000 kDa Dextran-TRITC (Sigma-Aldrich) to the primary 
microjet and 0.5 mg/ml 2000 kDa Dextran-FITC (Sigma-Aldrich) to the alginate 
containing secondary microjet. Fluorescently labeled compartmentalized 
hydrogels were analyzed using confocal z-stack microscopy analysis (Nikon A1 
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confocal). Size distribution, monodispersity, angle orientation, ellipsoid elongation, 
and fluorescent intensity was analyzed using ImageJ software. 

6.2.3 Cell culture 
C20A4 chondrocytes were cultured in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco) with 10% fetal bovine serum (FBS, Sigma-Aldrich), 100 U/ml penicillin (Gibco), 
and 100 μg/ml streptomycin (Gibco). Culture medium was changed biweekly. 
Human chondrocytes were cultured in proliferation medium containing DMEM, 10% 
FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.1 mM L-proline (Sigma-Aldrich), 
1% non-essential amino acids (NEAA, Sigma-Aldrich), and 1% ascorbic acid (ASAP, 
Sigma-Aldrich), or in chondrogenic medium containing DMEM, 100 U/ml penicillin, 
100 μg/ml streptomycin, 0.1 mM L-proline (Sigma-Aldrich), 1% non-essential amino 
acids (NEAA, Sigma-Aldrich), and 1% ascorbic acid (ASAP, Sigma-Aldrich), 10 ng/ml 
TGFb3 (R&D systems) and 0.1 μM dexamethasone (Sigma-Aldrich). Cells were 
passaged when 80% confluency was reached. Cell cultures were kept in a 
humidified environment at 37 oC with 5% CO2. 

6.2.4 Cell encapsulation 
When preparing cell-laden compartmentalized hydrogels, dH2O in the microjet 
solutions was replaced with DMEM without phosphates (Gibco). Cells were 
detached using trypsin-EDTA (Invitrogen), washed with medium and subsequently 
flown through a 40 μm cell strainer (EASYstrainer, Greiner) to ensure a single cell 
suspension. Cells were then suspended at 107 cells/ml in the primary microjet solution 
unless stated otherwise. The cell-laden solution was then loaded into and kept in an 
ice-cooled gastight syringe for the duration of the encapsulation procedure (<10 
minutes). Nozzle diameters of 100 μm were used in cell encapsulation experiments, 
with flow rates of 2 ml/min and 2.2 ml/min for the primary and secondary microjets 
respectively, with a frequency of 5.5 kHz applied by the piezo actuator. Cell-laden 
compartmentalized hydrogels were collected in a petri dish or directly into culture 
plates. Immediately after production, the compartmentalized hydrogel was 
washed with medium in order to wash away excess ethanol to maintain high cell-
viability. Finally, fresh culture medium was added upon which the 
compartmentalized hydrogels that were placed in culture. 

Cellular aggregation upon cell encapsulation was monitored by brightfield 
microscopy (EVOS FL Imaging System, ThermoFisher). Cell viability was studied by 
staining with calcein AM and ethidium homodimer-1 according to manufacturer’s 
protocol (Invitrogen) and imaging using a digital fluorescence microscope (EVOS 
FL Imaging System, ThermoFisher). 

For additional analyses, cell-laden compartmentalized were washed with PBS and 
fixated using a 10% buffered formalin solution (Sigma-Aldrich). Cells were 
permeabilized using 0.1% Triton X-100 (Sigma-Aldrich) and were subsequently 
stained with 2.5 U/ml phalloidin-AF488 (Thermo Fisher Scientific) and 10 μg/ml DAPI 
(Thermo Fisher Scientific) to stain for F-actin and nuclei respectively. Fluorescently 
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stained samples were analyzed using confocal microscopy (Nikon confocal A1) 
and ImageJ software. 

6.2.5 Gene expression analysis 
Primary human chondrocytes were encapsulated in compartmentalized hydrogels 
and cultured for 21 days in chondrogenic medium. As a control, primary human 
chondrocytes were cultured in monolayer. Samples for qPCR analysis were 
prepared with TRIzol (Invitrogen) lysis buffer and processed for RNA isolation using 
the miRNeasy kit (QIAGEN) following the protocol provided by the supplier. cDNA 
was synthesized using the iScript cDNA synthesis kit (Bio-Rad). cDNA was then 
subjected to qPCR using SensiMix SYBR & fluorescein kit (Bioline) on a CFX Connect 
Real-time System (Bio-Rad). 

6.2.6 Cartilage production analysis 
Primary human chondrocytes were encapsulated in compartmentalized hydrogels 
and cultured for 21 days in chondrogenic medium. Spheroids were fixated using 
10% buffered formalin solution, permeabilized using 0.1% Triton-X (Sigma-Aldrich), 
blocked using 10% bovine serum albumin (Sigma-Aldrich), and stained using 1:100 
anti-collagen 1 (Novus biological), 1:100 anti-collagen 2 (Abcam), 1:100 anti-
aggrecan (Abcam), or 1:200 anti-hyaluronansynthase 1 (Abcam), in combination 
with 1:250 AF488- (Invitrogen) and 1:200 AF647- (Abcam) labeled secondary 
antibodies, and 1:100 DAPI as counter staining. 

6.2.7 Large cellular tissue formation 
C20A4 cells were encapsulated in compartmentalized hydrogels and cultured for 
four days, upon which the cellular spheroids were retrieved by PBS washing and 10 
U/ml alginate lyase (Sigma-Aldrich) incubation for 30 minutes at 37 oC. 
Approximately 540.000 spheroids (±4*107 cells) were injected into an agarose bone-
shaped mold to form a large cellular tissue. As a control, 4*107 single cells were 
injected in the bone mold. The total mold volume in which the cells could be 
injected was 315 μl, and was produced as previously described.50 Agarose molds 
were incubated in culture medium for 24 hours prior to use. Formed large tissues 
were analyzed using macroscopic photography (Canon EOS 6D) and brightfield 
microscopy (EVOS FL Imaging System, ThermoFisher). Cell size/volume was analyzed 
by brightfield imaging upon trypsinization of spheroids that were cultured for 0, 1, or 
4 days. Large tissue surface area, shape, and cell volume was analyzed using 
ImageJ software. 

6.2.8 Statistics 
Sample size per experiment is reported in figure descriptions. Significance was 
determined based on one-way Anova analysis. Significance of p <0.05 is indicated 
by *. All statistical analyses were performed in OriginPro2017. 
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6.3 Results and Discussion 

6.3.1 Preparation and Characterization of Crosslinker Nanoemulsion 
In-air microfluidics (IAMF) is a microfluidic approach that enables controlled 
micrometer-sized droplet production by in air colliding a liquid jet with a constant 
period stream of aqueous droplets that were created by piezo-actuating a liquid 
jet, which allows for chip-free, oil-free, and cytocompatible production of 
monodisperse microparticles at ultra-high throughputs.48 In this study, we combined 
IAMF with ink-jet bioprinting to allow for controlled merging of in-air formed hollow 
microcapsules that enables the production of large scale compartmentalized 
hydrogels. To this end, a two micronozzle setup was used in combination with a 
moveable XYZ collection stage (Figure 6.1a). 

To form hollow microcapsules, a core microjet solution containing calcium chloride 
(CaCl2) was collided with a controlled droplet train that was produced by 
superimposing a vibration onto the micronozzle using piezo-actuation (Figure 6.1b). 
Drop-jet coalescence with an alginate precursor microjet with lowered surface 
tension (σcore > σalginate) allows for Marangoni driven encapsulation (Figure 6.1c). This 
encapsulation process occurs on a time scale of τe ∼ (ρμD4/Δσ2)1/3, with ρ, D, μ, and 
σ denoting the microjet density, diameter, viscosity, and surface tension 
respectively, which is typically within a few milliseconds.48 This allows for complete 
encapsulation within the 10 to 100 ms droplet flight time before the droplets are 
collected. This enables the production  of two-layered droplets containing a CaCl2 
core and an alginate precursor shell. The resulting core-shell (i.e., calcium-alginate) 
compound droplets were crosslinked in an inside-out manner by CaCl2 diffusion 
from the core layer towards the alginate layer (Figure 6.1d). Since ionic alginate 
crosslinking occurs in the range of milliseconds51 and because of the inside-out 
nature of the crosslinking, the inner alginate layer was crosslinked while the 
compound droplet was still in the air, while the outer alginate layer crosslinking 
occurred over time via inside-out diffusion of Ca2+ ions. The partially crosslinked 
microcapsules were then collected in a controlled manner by either a moveable 
XYZ collection or micronozzle stage. Of note, at the moment of impact the 
crosslinking of the in-air formed microcapsules is still ongoing, allowing them to 
crosslink with the already collected microcapsules upon landing, thereby 
effectively forming an instantaneously solid 3D construct containing hollow 
microcompartments (Figure 6.1e).  

We hypothesized that 1D Fibers, 2D planes, and 3D volumes of compartmentalized 
hydrogels could be formed in a robust, predictable, and controllable manner by 
tuning microcapsule placement using standard droplet-based biofabrication 
methods (Figure 6.1f). This biofabrication approach was demonstrated using a 
hand-held bioprinting device, (Figure 6.1g,h) which allowed for manual direct 
defect-filling using the shape-stable compartmentalized hydrogel (Figure 6.1i-k). 
The hand-held approach is anticipated to facilitate clinical applications such as in  
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Figure 6.1. In Air microfluidic biofabrication of highly compartmentalized hydrogels. (a) Schematic of 
compartmentalized hydrogel production process using a two nozzle in air microfluidics approach. (b) 
Micrograph of droplet formation and droplet/compartment encapsulation in air. (c) Surface tension 
Marangoni flow enables encapsulation of the core droplet by a hydrogel precursor solution. (d) CaCl2 
diffuses from the inside of the two-layered all-aqueous droplet towards the alginate layer, allowing for an 
inside-out ionic crosslinking mechanism, which results in crosslinked alginate at the interface between the 
two droplet layers, while the crosslinking in the shell remains ongoing. (e) The ongoing crosslinking in the 
microcompartment’s shell upon impact was leveraged to engineer solid multi-compartmentalized 
hydrogels. (f) Controlled deposition of compartments allowed for 1D fiber, 2D planes, and 3D volumes of 
compartmentalized hydrogels. (g) Schematic and (h) photograph of a 3D printer with integrated In Air 
microfluidic setup. (i) Photograph of hollow tube-like compartmentalized hydrogel structures printed using 
a 3D printer that (j) are non-leaking as visualized by containment of dextran-FITC (green) and dextran-TRITC 
(red) staining solutions. (k) Schematic of handheld IAMF device for manual ink-jet bioprinting of 
compartmentalized hydrogel bioinks. (l) Photograph of handheld IAMF device being used for direct defect 
filling of a plastic mold. Fluorescent photographs of the mold (m) before and (n) after being conformally 
filled with compartmentalized hydrogel via handheld ink-jet bioprinting, (o) which was demonstrated shape 
stable even after being removed from the mold. (p) Photograph of compartmentalized fluorescent 
hydrogel produced with a production rate of 8.5 ml/min, which enabled the filling of a 1.5 x 1.5 x 1.5 cm 
mold in 35 seconds. (q) Confocal fluorescence microscopy confirmed the formation of compartmentalized 
hydrogels, with alginate stained in green with dextran-FITC and hollow core stained in red with dextran-
TRITC. 

 

situ bioprinting during surgical procedures. Moreover, we demonstrated that this 
novel biofabrication approach could be also combined with programmable 3D 
bioprinters (Figure 6.1l,m), which we demonstrated allowed for the production of 
large scale structures composed of more complex geometries such as a shape-
stable tube-like compartmentalized hydrogel (Figure 6.1n,o, Movie S6.1). The ultra-
high throughput nature of IAMF (up to 8.5 ml/min) (Figure S6.1) allows for the 
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biofabrication of clinically sized compartmentalized hydrogels in a fast, direct, and 
single-step manner (Figure 6.1p,q).  

Owing to the ultra-high throughputs and short in-air flight time of IAMF produced 
droplets, a fast (millisecond) crosslinking strategy such as the proposed ionic 
crosslinking of alginate or photopolymerization is typically required.52 However, 
materials relying on slower (seconds to minutes) crosslinking mechanisms such as silk 
fibroin can still be utilized by leveraging alginate as sacrificial structural 
interpenetrating network template.53 

6.3.2 Size, shape, and isotropic control of microcompartments and 
macrogel using In Air microfluidic biofabrication 
The size and shape of alginate hydrogel as well as their incorporated hollow 
compartments were controlled based on the placement of different sized 
micronozzles on a moveable XYZ stage. Micronozzles with an inner diameter of 50 
μm, 100 μm, 150 μm, and 200 μm produced monodisperse (CV < 10%) compartment 
sizes of 140±5 μm, 219±14 μm, 277±12 μm, and 347±18 μm respectively (Figure 
6.2a,b). This represents a significant improvement over conventional high 
throughput technologies such as large bioreactors which are often associated with 
polydispersity of tissue sizes.28 

Compartmentalized hydrogels with distinct dimensions such as 1D fibers, 2D sheets, 
and 3D volumes can be achieved through movement of micronozzles in multiple 
dimensions with theoretical resolutions similar to the compartment sizes (140±5 μm, 
219±14 μm, 277±12 μm, and 347±18 μm for core jet micronozzles with an inner 
diameter of 50 μm, 100 μm, 150 μm, and 200 μm respectively). The ability to produce 
these fundamental shapes offers the opportunity for fabrication of larger arbitrary-
shaped tissues by further assembling these shapes.54 Compartmentalized fibers 
were produced by movement of the micronozzles in a single dimension (Figure 
6.2c,d). Uniquely, this created hydrogel fibers containing ellipsoidal compartments 
with an elongation ratio of 1.7 +/- 0.5 (Figure 6.2e), which were consistently oriented 
with their ellipsoidal shape following the fiber’s orientation (Figure 6.2f). This 
compartment shape control offers interesting possibilities since it is known that 
endowing elongation ratio’s in physical space in which microtissues are 
cultured/grown result in consistent and distinct behaviors that guide amongst others 
morphogenesis.55 Furthermore, multiple material writings can be formed with this 
biofabrication technique using a variety of payloads in microcompartments by 
utilizing the moveable micronozzle stage in 2D as demonstrated using dextran-TRITC 
and dextran-FITC (Figure 6.2g). Moreover, formed fibers were associated with good 
handleability (e.g., facile manual manipulation), which could potentially be used 
for applications such as weaving (Figure 6.2g), knitting, and braiding without 
inevitable fiber failure.56–59 The ability to align cell-laden fibers has been reported to 
be capable of improving tissue engineering applications in which alignment is 
important such as muscle tissue engineering applications.60–62 Additionally, cell- 
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Figure 6.2. Controlled yet distinct morphologies in 1D, 2D, and 3D compartmentalized hydrogels produced 
by in air microfluidic biofabrication. (a) Micrographs of hollow alginate microcapsules that were produced 
using a variety of nozzle with distinct diameters, which effectively controlled the hydrogel compartment’s 
diameter (b) with high monodispersity (n=150). (c) Brightfield micrograph of 1D compartmentalized fiber. 
(d) Fluorescent confocal micrograph of compartmentalized fiber with alginate stained green with dextran-
FITC and compartments red with dextran-TRITC. (e) Quantification of compartment alignment as compared 
to its compartmentalized fiber (n=54). (f) Ellipsoid elongation of compartments in 1D fibers as compared to 
the 3D volume of its compartmentalized hydrogel (n=54). (g) Fluorescent confocal micrograph of 
compartmentalized fibers used for writing and weaving with multiple compartment payloads (green 
dextran-FITC and red dextran-TRITC). (h) Brightfield micrograph of a 2D compartmentalized hydrogel sheet. 
(i) Fluorescent confocal z-stack of compartmentalized sheet with alginate stained green using dextran-FITC 
and compartments stained red using dextran-TRITC. (j) Fluorescence intensity histograms of 
compartmentalized plane along the xy-plane (top) and x plane (bottom) for a single slice (left) and as an 
average over the construct (right). (k) Fluorescent confocal 3D reconstruction of a single layer 
compartmentalized sheet with alginate stained green using dextran-FITC and compartments stained red 
using dextran-TRITC. (l) Fluorescent confocal 3D reconstruction of a double layer compartmentalized plane 
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with multiple compartment payloads (green dextran-FITC and red dextran-TRITC). (m) Brightfield 
micrograph of a 3D compartmentalized hydrogel volume. (n) Fluorescent confocal z-stack of 
compartmentalized volume with alginate stained green using dextran-FITC and compartments stained red 
using dextran-TRITC. (o) Fluorescence intensity histograms of compartmentalized volume along the xy-plane 
(top) and x plane (bottom) for a single slice (left) and as an average over the construct (right). (p) 
Fluorescent confocal 3D reconstruction of a single layer of compartmentalized hydrogel volume with 
alginate stained green using dextran-FITC and compartments stained red using dextran-TRITC. Scale bars 
equal 500 μm. 

 

laden microfibers are also utilized for islet cell encapsulation, making use of the easy 
retrievability of fibers when implanted in a patient body.56,63 

While moving the micronozzles in a single dimension creates hydrogel microfibers, a 
two dimensional movement allowed for the formation of spatially organized single-
layer hydrogel sheets (Figure 6.2h). Confocal z-stack analysis confirmed the hollow 
(e.g., aqueous and non-crosslinked) nature of the compartments within the printed 
hydrogel sheet (Figure 6.2i). Notably, the formed hydrogel sheets where 
characterized by an symmetrical yet anisotropic nature, which was corroborated 
by semi-quantitative histograms analysis of individual confocal slices (Figure 6.2j). 
Averaging histogram data of the X or Y plane indicated random placement of 
compartments, while the Z plane was shown to be consistently organized in terms 
of compartment placement at a specific height. Complexity in the planes such as 
multi-layers and multiple materials can be added by repeating the controlled 
process of plane formation, which results in hydrogels composed of multiple layered 
planes, which provides the potential to use multiple materials or material properties 
in a height defined manner (Figure 6.2k,l). 2D cell-laden sheets can function as 
patches, which have been proven to be successful for amongst others cardiac 
tissue engineering applications and wound healing patches.64–66 and can be rolled 
up to mimic tubular structures.67 

In-air printing of annealing microcapsules was also demonstrated to be readily 
capable of rapidly creating voluminous 3D compartmentalized hydrogels (Figure 
6.2m,n). 3D Hydrogels containing spheroids have been shown to be relevant for a 
wide variety of biomedical applications, for example, it has consistently been shown 
to increase chondrogenesis and cartilage formation.10,12 While compartment 
placing in 2D compartmentalized sheets was reproducibly anisotropic, the average 
over construct histograms of 3D volumes revealed that 3D volumes were 
characterized by isotropic compartment placement (Figure 6.2o,p). Packing 
density (compartments/volume) can be controlled by tuning the compartment 
sizes through the use of core jet micronozzles with different inner diameters as well 
as via the relative flow rates. No kinetic displacement of the fabricated structure 
upon collision with newly jetted compartments has been observed. 

In-air microfluidics biofabrication of compartmentalized hydrogels of 1D, 2D, and 
3D materials offers, amongst others, an increased handleability as compared to 
traditional 0D hydrogel compartments such as microcapsules. Specifically, hydrogel 
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microcapsules are typically suspended in liquid and thus have to be handled by for 
instance pipetting techniques, causing microparticles to be easily lost or physically 
damaged due to adherence to culture plastic or pipette tips. In contrast, larger 
structures such as the here described 1D fibers, 2D sheets, and 3D volumes, can be 
handled on a macroscopic level using tools such as spatulas and/or tweezers, 
which allow for facile complex manipulation such as writing, weaving, or stacking 
of separate materials, which minimizes loss or damage. 

6.3.3 Ultra-high throughput production of chondrogenic spheroid 
within cell-laden compartmentalized hydrogels 
Using IAMF, large compartmentalized hydrogels can be produced at throughputs 
of >850 fold higher than conventional microfluidics (10 μl/min for conventional 
microfluidics31 versus 8,5 ml/min for IAMF compartmentalized hydrogels). This 
approach could be leveraged for the mass production of cellular spheroids at an 
unprecedented rate (10.000 spheroids per second). 

To demonstrate this, C20A4 chondrocytes were encapsulated in 
compartmentalized hydrogels by introduction of the cells in the core microjet 
solution (Figure 6.3a). Upon cell-laden compartmentalized hydrogels formation, the 
hydrogel was immediately washed with a surplus of culture medium and 
subsequently provided with fresh culture medium. Cellular spheroids formed within 
the hydrogel compartments within 24 hours, and were able to be cultured inside 
the compartments for at least 21 days within 3D hydrogels (Figure 6.3b) and 1D fibers 
(Figure S6.2), which remained stable for at least 21 days of culture. Cell viability 
remained high upon cell encapsulation (96±3%) as well as during subsequent cell 
culture (96±3%) (Figure 6.3c,d). 

The number of encapsulated cells is controlled by tuning the cell concentration in 
the core microjet solution, with 13±5, 38±10, and 73±15 cells/compartment for 2*106, 
5*106, and 107 cells/ml in the core microjet solution respectively (Figure S6.3). Formed 
cellular spheroids possessed monodisperse size distributions (CV ≤ 10% at day 1), 
which demonstrated controlled formation of cellular spheroids within the IAMF-
produced compartmentalized hydrogels (Figure 6.3e,f). The ability to control the 
number of encapsulated cells and thus the formed spheroid diameter is especially 
important as spheroid diameter is known to influence biological function.12 Previous 
studies reported that creating 50-100 cells/spheroids improves chondrogenic 
performance by increasing expression of SOX9, ACAN, and COL2A1 while lowering 
expression of COL1 as compared to both single cells and larger spheroids.12 
Therefore, chondrogenic experiments were performed encapsulating primary 
human chondrocytes at 107 cells/ml, which equaled 73±15 cells/compartment. 

Spheroids of primary human chondrocytes were formed and cultured within 
compartmentalized hydrogels or as monolayers in chondrogenic medium for 21 
days. As compared to monolayers, chondrocytes in compartmentalized hydrogels 
expressed significantly higher levels of the chondrogenic master transcription factor  
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Figure 6.3. In-situ spheroid formation in in-air bioprinted compartmentalized hydrogels. (a) Schematic of 
spheroid formation within compartmentalized hydrogel. (b) Brightfield micrograph of encapsulated 
chondrocytes at day 0, day 1, and day 21. (c) Fluorescent micrograph of viability staining at day 0 (top) 
and day 7 (bottom) with live cells stained green using calcein-AM and dead cells stained red using ethidium 
homodimer. (d) Quantification of the fraction of viable chondrocytes after 0, 1, and 7 days of culture within 
compartmentalized hydrogels. (n=136 spheroids). (e) Quantification of spheroid diameter over 21 days of 
culture within compartmentalized hydrogels. (n=100). (f) Confocal fluorescence micrograph of spheroids 
with nuclei stained blue using DAPI and F-actin stained green using Alexa fluor 488 phalloidin after 21 days 
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of culture within compartmentalized hydrogels. (g) Relative mRNA levels of the chondrogenic markers (g) 
SOX9, (h) ACAN, and (i) COL2A1, and of the fibrocartilage marker (j) COL1, as well as (k) relative ratio 
between COL2A1 and COL1 as an indication of cartilage phenotype from human primary chondrocytes 
cultured as either monolayer or spheroid within compartmentalized hydrogel for 21 days (n=2, 50.000 
spheroids each). Fluorescence micrographs of cellular spheroids formed in compartmentalized hydrogels 
visualized using Immunofluorescence staining of (l) DAPI (blue), collagen 2 (green), aggrecan (red), and 
(m) DAPI (blue), collagen 1 (green), and hyaluronan synthase 1 (HAS1) (red) after 21 days of culture in 
chondrogenic medium. Scale bars equal 50 μm. 

 

SOX9 (Figure 6.3g) as well as other key cartilage extracellular matrix components 
ACAN (Figure 6.3h) and COL2A1 (Figure 6.3i), while expressing lower levels of the 
undesired fibrocartilage marker COL1 (Figure 6.3j) resulting in a higher 
COL2A1/COL1 ratio in the cellular spheroids as compared to monolayer cultures 
(Figure 6.3k). Combined, the gene expression profile corroborated that the cellular 
microspheroids that had autonomously formed within the hollow 
compartmentalized hydrogels indeed associated with a stronger chondrogenic 
phenotype than cells that were individually dispersed throughout solid hydrogels. To 
confirm whether true chondrogenic behavior of the spheroids in 
compartmentalized hydrogels had occurred, immunofluorescent staining of 
spheroids exposed to chondrogenic differentiation medium for 21 days was 
performed. Indeed, spheroids within compartmentalized hydrogels expressed 
cartilage markers such as collagen 1, collagen 2, aggrecan, and hyaluronan 
synthase 1 (Figure 6.3l,m). These results demonstrated that autonomously formed 
spheroids in compartmentalized hydrogels, which outperform conventional 
monolayer cultures in terms of chondrogenic performance, can now be considered 
for the engineering of cartilage, and specifically as a novel method to enable the 
clinical translation of the benefits of cellular spheroids in a clean, cytocompatible, 
single-step, and clinically scalable manner. 

6.3.3 In Air microfluidic spheroid forming compartmentalized 
hydrogels allows for formation of shape-stable clinically-sized 
biomaterial-free cellular tissues 
The ultra-high throughput production of spheroid-forming compartmentalized 
hydrogels allows for clinically sized engineered tissue formation. However, spheroid 
culture has also been found beneficial for engineering of biomaterial-free living 
tissues in the form of bottom-up tissue engineering by using spheroids as modular 
building blocks. In comparison with conventional single cell techniques, cellular 
spheroids allow for the production of more shape stable tissues15. This tight shape 
and volume control  is highly important in predictable tissue engineering and 
conformal defect filling as onset of construct shrinkage will inevitably lead to 
formation of unwanted defects and cavities. Unfortunately, due to the existing 
spheroid batch production processes these clinical-sized constructs have remained 
out of reach due to the required amount of spheroids to form large scale tissue 
constructs; conventional spheroid production processes only offer low production 
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Figure 6.4. Compartmentalized hydrogel as a 3D platform for spheroid production for the engineering of 
clinically-sized cellular tissues. (a) Schematic of clinically-sized cellular tissue formation, including high-
throughput (HT) spheroid production in compartmentalized hydrogel, retrieving spheroids from the 
compartmentalized hydrogels, injection molding of spheroids in a agarose mold, and subsequent tissue 
formation. (b) Theoretical representation of microwells needed versus In Air microfluidic runtime needed to 
create ±540.000 spheroids, which was required to fill the model injection mold. (c) Brightfield micrograph of 
retrieved chondrocyte spheroids following alginate lyase treatment. (d) Photograph of a centimeter-sized 
tissue formed in an agarose mold in a 12 wells-plate well after 24 hours of culture. (e) Stitched micrograph 
of formed tissue after 24 hours of culture. (f) Projection of formed tissues produced with spheroids (top) or 
single cells (bottom) on top of an outline of the original mold shape. (g) Tissue projection area of formed 
tissues produced with spheroids or single cells relative to mold projection area (n=4). (h) Overlap of formed 
tissue with spheroids or single cells relative to shape of mold (corrected for tissue projection area) (n=4). (i) 
Projection of formed tissue produced with spheroids (top) or single cells (bottom) with representation of 
angle in red and measured angle in white (n=4). (j) Cell volume of chondrocytes upon culture and spheroid 
formation within compartmentalized hydrogels after 0 (control), 1, and 4 days of culture (n=500). 

 

rates. To address this, we hypothesized that the compartmentalized hydrogels could 
be sacrificed and thus act as temporary and discretionary 3D picoreactors to 
facilitate the mass production of monodisperse cellular spheroids. Indeed, scaling 
into the third dimension would significantly enhance spheroid production rate as 
the gold standard production platforms are all 2D in their nature. We reasoned that 
the ultra-high throughput spheroid production nature of the compartmentalized 
hydrogel would enable the production of shape stable, clinical-sized biomaterial-
free cellular tissues (Figure 6.4a). 

To produce the quantity of spheroids needed to engineer a fully cellular tissue with 
only a volume of 315 μl, which estimates a common full thickness cartilage defect 
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of 1.5 cm²68, would require a total of 150 individual wells of 12 wells plate (3600 
spheroids per well9) (Figure 6.4b). The amount of trained manual labor is therefore 
considered non-scalable, which thus challenges wide-spread clinical translation of 
spheroid-based cellular tissues. However, utilizing the continuous IAMF 
compartmentalized hydrogel method, a runtime of only 60 seconds is needed in 
order to produce the same amount of spheroids (Figure 6.4b). It is noted that 
specific medical applications require a larger tissue size to be considered as 
clinically-sized, which can easily be achieved by prolonging the production runtime 
from a single minute to several minutes. The evolution of multiple sequential artisan 
batch processes into a single continuous sub-minute runtime process is anticipated 
to facilitate the feasibility of using bottom-up engineering large tissues using cellular 
spheroid building blocks. Moreover, our novel approach also is more ecologically 
friendly as it strongly reduces the amount of plastic plates needed to create large 
living tissues in this bottom-up approach. 

Chondrocyte spheroids were mass produced in alginate compartmentalized 
hydrogels and enzymatically retrieved using alginate lyase after four days of culture 
(Figure 6.4c). Approximately ~540.000 spheroids or an equal total amount (4*107) of 
individual cells were injected in a centimeter-sized bone-shaped mold to allow for 
the formation of a centimeter-sized engineered tissues. The symbolic shape of a 
bone was chosen owing to its suitability to assess shape-stability of formed tissues 
(Figure 6.4d,e). It was observed that utilizing spheroids for injection molding of large 
scale tissues resulted in superior shape stability as compared to single cells (Figure 
6.4f). Specifically, mass produced spheroids associated with a lower tissue shrinkage 
as indicated by tissue projection area, which was 71.7±7.3% for spheroids and 
47.5±0.4% for single cells respectively after a single day of culture (Figure 6.4g). 
Moreover, produced tissues showed a higher overlap with the injection mold’s 
shape when seeded with spheroids (90.3±0.2%) then when single cells (84.0±0.1%) 
were used. (Figure 6.4h). This observation was corroborated by the measurements 
of the angle of the physical ends of the fully cellular bone-shaped tissues. The curve 
of the bone-shaped tissues of spheroids (122±14°) maintained a high fidelity to that 
of the used injection mold (116±2°), while the angle was virtually lost when using 
single cell suspensions (176±19°) (Figure 6.4i). We reasoned that cellular shrinkage 
during the condensation phase that occurs during the formation of 3D microtissues 
might offer an explanation for the observed differences in the shape stability of 
engineered large cellular tissues. Cell volume analysis revealed that placing cells 
from a 2D environment into a 3D environment resulted in a cell volume decrease 
from 6.0±2.7 pl to 4.4±2.3 pl after a single day of culture (Figure 6.4j). Moreover, cell 
volume remained stable (5.0±2.1 pl) during further 3D culture. This indicates that the 
initial spheroid formation in the compartmentalized hydrogels created microtissue 
building blocks that would – unlike individual cells from 2D cultures - not shrink when 
used to engineer large cellular tissues thus offering improved shape stability when 
used for injection mold engineering of living tissues. 
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6.4 Conclusion 
In Air microfluidics allowed for the successful production of cell-laden hollow 
compartmentalized hydrogels that enabled in-situ formation of cellular spheroids in 
an ultra-high throughput, clean, and single-step manner. This innovative technology 
was proven to be compatible with conventional ink-jet bioprinting technology, 
which facilitated the production of compartmentalized hydrogels with multiple 
complexities, while handheld ink-jet bioprinting allowed for quick and easy freeform 
biofabrication of compartmentalized spheroid forming hydrogels. Utilizing the ultra-
high throughput of In Air microfluidics, the scalable production of spheroid based 
clinically sized cartilage tissues was realized in relevant timeframes, which represents 
a significant step towards clinical translation of cellular spheroids. 
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6.5 Supplementary Information 

 
Figure S6.1. Compartmentalized hydrogel produced at different total flowrates. Brightfield micrographs of 
compartmentalized hydrogels produced with a total flow rate of 4.5 ml/min and 8.5 ml/min. Scale bars 
equal 300 μm. 
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Figure S6.2. Spheroid formation in compartmentalized fibers. Brightfield micrographs of spheroid formation 
in compartmentalized fibers. Scale bars equal 1000 μm. 
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Figure S6.3. Control over amount of encapsulated cells by tuning cell concentration. (a) Brightfield 
micrographs of encapsulated cells at 2*106, 5*106, and 10*106 cells/ml. (b) Quantification of cells per 
compartment (n=72). Scale bars equal 200 μm. 
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Supplemental movie S6.1 (still). In Air microfluidic ink-jet printing of tube-like compartmentalized hydrogel. 
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Reflection and Outlook 

 

This thesis describes multiple microfluidic technologies in order to overcome the 
challenges in the process of clinical and industrial translation of cellular 3D 
microtissues. Utilizing the developed microcapsule production technologies, several 
types of microtissues are produced in a simple, clean, continuous and high-
throughput manner. While each of the in this thesis described technologies solve 
some of these translational challenges, it is clear that no perfect solution exists as of 
yet. In order to achieve the full potential of these microfluidic technologies 
additional research is needed. The following chapter focusses on the shared points 
of potential improvements and the remaining challenges that lie ahead for true 
clinical and industrial translation of cellular 3D microtissues. 
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7.1 Cell Source 

In this thesis we have used several distinct cell types, which demonstrates the 
versatility of the here reported microencapsulation systems. Dependent on the used 
cell type, specific (micro)tissues can be formed. For the on-chip approach in 
chapter 2 and 3, we set up a proof-of-principle for continuous cellular spheroid 
production using either 3T3 fibroblasts or human mesenchymal stem cells (hMSCs). 
The use of hMSCs is popular in the field of tissue engineering for its osteogenic, 
adipogenic and chondrogenic capacities, enabling the formation of bone, 
adipose and cartilage tissue. However, the encapsulation of other cell types might 
allow for the formation of microtissues of other tissue types. As an example, in 
another project not discussed in this thesis, insulin-producing MIN6 β-cells were 
encapsulated in immune-protective polyethylene glycol-tyramine (PEG-TA) 
microcapsules using the enzymatic outside-in crosslinking method described in 
chapter 3. β-Cell microtissues restored normoglycemia 5 days post implantation in 
type 1 diabetic mice and remained glucose responsive for 28 days in vivo1, 
showcasing the functionality of microfluidically-formed microtissues. 

In literature, spheroids are used for many more types of tissues. Also, there is a special 
interest in cancer microtissues for cancer research2–9. Although briefly touched 
upon in chapter 4 with the production of cholangiocarcinoma organoids, 
microfluidically produced cancer microtissues of all different types of tissues have 
the potential to revolutionize drug research and personalized medicine. 

While spheroids offer a 3D cellular environment and its subsequent benefits over 
conventional 2D cell culture2,8,10, they often consist of a single cell type which is 
homogeneously dispersed throughout the spheroid. Organoids however are 
formed from a single or a couple pluripotent stem cells and are able to produce 
multiple cell types within a single microtissue. They have an additional layer of 
complexity in their cellular organization, can mimic organ function and revolutionize 
our fundamental understanding of human development11–13. In this thesis 
microfluidically-formed intrahepatic cholangiocyte organoids are demonstrated in 
chapter 4. However, continuous production of a multitude of other organoid types 
might be interesting for future endeavors. 

Pluripotent stem cells are an interesting source for spheroid and organoid 
production. While pluripotent stem cells are used to produce the embryoid bodies 
and cardiospheres, pluripotent stem cells allow for the formation of various 
organoids14–20. Moreover, patient-derived pluripotent stem cells such as iPSCs can 
be used to create personalized microtissues which might be useful for personalized 
tissue engineering and drug screening purposes21. 

The microcapsules might also be used for the encapsulation of multiple cell types in 
a single compartment. As an example, it might be interesting to perform co-
encapsulation of embryonic stem cells and trophoblasts to produce blastocyst-like 
structures as described by Rivron et al. in a high-throughput manner22.
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7.2 Microcapsule Material 

Microcapsules of several materials have been introduced in this thesis. In chapter 3, 
we demonstrate the formation of microcapsules using tyramine-conjugates such as 
dextran-tyramine and hyaluronic acid tyramine. In chapter 4, we demonstrate the 
formation of extracellular matrix-enriched dextran-tyramine microcapsules. In 
chapter 5, we demonstrate the formation of microcapsules using alginate, and by 
utilizing a mixture of alginate and an additional material such as dextran-tyramine 
or PEGDA an enzymatic- or photo-crosslinking postcure can be performed 
respectively to produce dextran-tyramine or PEGDA microcapsules using the In Air 
microfluidic system. Material choice in this thesis was mostly based on the limitation 
of cell-material attachment, since an absence of cell-material attachment is 
needed to allow efficient cellular aggregation. However, other materials might 
allow for interesting characteristics for certain applications. 

For instance, while chapter 3 demonstrates spheroid formation in dextran-tyramine 
microcapsules, other experiments were performed using PEG-tyramine (PEG-TA) 
utilizing the same enzymatic outside-in crosslinking mechanism1. The 
immunoprotective characteristics of PEG-TA can 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 pancreas23 or the adrenal gland24 under 
pathological conditions that associate with autoimmune destruction of native 
tissues. Injected encapsulated pancreatic islets from an allogeneic source show 
improved implant survival, integration, and retrievability compared to non-
encapsulated islets, while maintaining the ability to restore normoglycemia in 
diabetic mice25. In addition, immunoprotective biomaterials may further enable the 
use of allogeneic or xenogeneic cell for a wider set of clinical applications. In 
another project not described in this thesis, we demonstrate this by the production 
of immunoprotective PEG-TA microcapsules for the formation of glucose-responsive 
MIN6 spheroids, which were used treat diabetic mice. Diabetic mice retained 
normoglycemia 5 days post implantation of MIN6 spheroid containing 
immunoprotective microcapsules1. Another potentially interesting material with 
biological function for spheroid-forming microcapsules that is worth investigating 
can for instance be heparin-tyramine for its anti-coagulant characteristics26. 

As described in chapter 4, extracellular matrix additives can also be added to the 
microcapsule material in order to induce cell-matrix interactions. While this chapter 
focusses on human liver extracellular matrix, it is worth exploring other possible 
additives27. 

While this thesis describes microcapsules made out of single materials, it might be 
interesting to explore multi-layer microcapsules build from multiple materials with 
distinct mechanical properties. In combination with crosslink reversibility, such as 
described for alginate in chapter 6 but also worth investigating for other materials, 
this might give the opportunity to have temporal control over mechanosensing, 
which is known to be an important factor in differentiation processes28. 
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7.3 Microtissues for Tissue Engineering 

For tissue engineering applications, chapter 5 demonstrates how IAMF enables the 
direct biofabrication of spheroid-forming hydrogel tissues for large scale tissue 
formation, and how spheroids can be used as building blocks for clinical sized 
cellular tissue formation. Utilizing the ultra-high throughput nature of the IAMF 
approach we are now able to produce the high quantity of spheroids needed for 
clinical sized tissues. Large tissue engineered constructs often face challenges 
concerning diffusion limitations due to the lack of vascularization. Limited diffusion 
of oxygen, nutrients, and waste products result in low cell viability in the core of the 
produced constructs and therefore low construct efficiency29,30. Since cartilage 
tissue does not contain vascularization, these challenges are limited in the cartilage 
tissue engineering applications demonstrated in chapter 5. However, for other 
biological tissues these challenges remain and additional engineering approaches 
are needed for the formation of viable clinical sized tissues. 

Pre-vascularization of engineered tissues is a common approach to improve viability 
of clinically relevant sized tissues. Microtissues allow for some interesting possibilities 
in this aspect. The shear thinning properties of microcapsules and microtissues allow 
for embedded 3D printing, enabling the printing of producing pre-vascularized 
structures from microcapsules and/or microtissues31–33. Moreover, instead of being 
used as an embedded bath, microtissues can also be used as bio-inks in 3D printing 
technologies34,35. Upscaling of microtissues for 3D printing technologies often 
happens using stirred bioreactors, which are associated with large polydispersity 
due to microtissue fusion and mechanical stress36. The use of microcapsules are 
likely to overcome these challenges and is thus being able to meaningfully impact 
this field of research. Furthermore, incorporating microtissues in both bio-ink and 
printing bath could allow for the production of highly complex tissue constructs. The 
high throughput production of controlled microtissues described in this thesis could 
provide the large quantities of microtissues necessary for these endeavors. Micro 
annealed particles (MAPs), which are large constructs of connected microparticles, 
can offer built-in vasculature because of the inherent empty space between the 
microparticles37. In an ongoing project, a proof-of-principle experiment was 
performed using PEG-TA microcapsules produced with the on-chip enzymatic 
outside-in crosslinking method as described in chapter 2 and 3. These PEG-TA 
microcapsules were injected in a mold and treated with ruthenium-based post-cure 
crosslink to connect the microcapsules to form PEG-TA MAPs. Combined with MIN6 
encapsulation as discussed previously in the current chapter 71, this might enable 
immunoprotective, glucose-responsive MAPs for diabetes treatment. 

As described in this thesis, microcapsules can function as a versatile system for the 
formation of a multitude of microtissues which can be used either to repair or 
replace biological tissues in vivo. This thesis focuses on use of single cell type tissues. 
Complexity of formed tissues can however be increased by modular biofabrication 
of tissues using multiple distinct cell types22, utilizing different microtissue-
types/microcapsule-materials for tissue engineering building blocks38–40, or even 
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using different micromaterial morphologies such as the fibers described in chapter 
2 and chapter 5. 

An interesting prospect in tissue engineering is the engineering of artificial meat, 
which promises an alternative to animal products and its accompanied 
environmental impact. Although the first successfully studies are out41,42, there are 
several challenges that need to be solved in order to provide feasible mass 
production. One of these challenges is the amount of cells and tissues that will be 
needed for the mass production of cultured meat in a highly cytocompatible 
manner43. Another challenge is the texture of the meat, and therefore different cell 
types, which are important for taste and thus the acceptance and adaptation 
towards cultured meat44. For both these challenges ultra-high throughput 
compartmentalized microtissue production might be an interesting technology 
because of the large quantities and the fact that separated microtissues can be 
easily assembled later in the desired architecture45. It is anticipated that 
microcapsule material, microcapsule size and microtissue size allow high level of 
control over texturization of these constructs. 

7.4 Reflection on different microfluidic approached for continuous 
microtissue production 

In chapter 1 of this thesis it is stated that clinical and industrial translation of 3D cell 
culture techniques such as microtissue culture is limited due to non-scalable 
production processes. While microfluidics allows for a continuous, and thus scalable, 
production process of microtissue-forming microcapsules, current state-of-the-art 
microfluidics remains to have limitations hindering clinical and industrial translation. 
In this thesis, two different microfluidic approaches for the production of microtissue-
forming microcapsules are being introduced in order to overcome these limitations, 
being a PMMA microfluidic chip approach which operates in the dripping regime, 
and an in air microfluidic approach which operates in the jetting regime. 

In contrast with conventional PDMS-based microfluidics46–49, two platforms that are 
described in this thesis offer a cleanroom-free approach, which allows for more 
widespread availability. Furthermore, while conventional PDMS-based microfluidics 
are single-use, the here presented approaches are both reusable and off-the-shelf, 
which can contribute to limiting waste production. Moreover, utilizing the 
exchangeable nozzles in the PMMA-chip and the IAMF setup, multiple microcapsule 
size ranges can be produced using a single system, which is in stark contrast with 
conventional single-purpose PDMS-based microfluidic approaches. This is especially 
important in setting up systems that can universally be applied for different 
microtissue applications since the amount of cells per microtissue, which can easily 
be tuned by microcapsule size, which is commonly accepted as an important 
factor for microtissue performance. 

However, although we successfully showed the universality of the PMMA 
microfluidic chip and the enzymatic outside-in crosslinking through the 
encapsulation of human mesenchymal stem cells (hMSCs), 3T3 fibroblasts, MIN61, 
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and cholangiocytes, we found that encapsulation of certain cell types will lead to 
inefficient microtissue formation, and it was observed that enzymatic outside-in 
crosslinking for microtissue-forming microcapsule production was not viable for 
bovine chondrocyte encapsulation in dextran-tyramine microcapsules. Instead of 
forming aggregates, it was observed that bovine chondrocytes often stick to the 
microcapsule shell causing deformation of the microcapsule or preventing 
aggregation altogether. We hypothesize that the high extracellular matrix (ECM) 
production of bovine chondrocytes50 provides a larger amount of tyrosine groups 
at the outer cell layer compared to low ECM producing cells such as the previously 
described hMSCs, cholangiocytes and min6 cells. These tyramine groups are then 
possibly available for direct on-cell crosslinking (DOCKING)51 of the dextran-
tyramine and the bovine chondrocytes, preventing the migration and aggregation 
of bovine chondrocytes. If this hypothesis is deemed to be correct, temporary 
coatings52 might lead to successful encapsulation of bovine chondrocytes. 
However, this challenge indicates that the enzymatic outside-in crosslinking method 
might need tuning for the encapsulation of some cell types. In contrast with 
enzymatic outside-in crosslinking, it is possible to prevent the before mentioned cell-
shell attachment by utilizing ionic crosslinking-based IAMF, resulting in successful 
encapsulation of human chondrocytes for cartilage repair purposes as described 
in chapter 5. 

Moreover, the PMMA microfluidic chip described in chapter 2 and 3 suffers some 
more limitations, which it has in common with conventional PDMS-based 
microfluidics, such as relative low throughput (<1 ml/min) and need for oil and 
surfactants. These wall-induced limitations are removed by transferring the droplet 
production process towards the described in air approach, resulting in a 
microfluidic approach, which allows for the fast and clean production of 
microtissue-forming microcapsules for clinical and industrial applications. 

This does not say that the IAMF approach is the best solution for every application. 
While the confined nature of on-chip approaches requires the need for oil and 
surfactants and offer a more limited throughput, it also provides high control over 
the droplet production process. The loss of control in a wall-free setup is regained 
by microvibrations produced by a piezo-actuator53. However, although it was found 
that this is successful for non-granular liquids, the introduction of cells disrupts the 
monodisperse droplet production as is demonstrated in chapter 4 by the 
broadening of cell/microcapsule distribution at higher cell densities. Therefore, 
although the clean, ultra-high throughput nature of IAMF is a major advantage 
towards clinical and industrial application, the high degree of control of on-chip 
approaches might be beneficial for research applications where a limited quantity 
of highly controlled microtissues is needed such as drug discovery studies. It is 
anticipated that further research on the optimization of the IAMF hollow cell-laden 
microcapsule formation would be beneficial to gain greater control over the 
production of microcapsules when using granular liquids such as high density cell 
suspensions. 
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7.5 Remaining Challenges of High Throughput Microtissue 
Production 

As previously stated, microtissue production rate is an important factor towards 
feasible clinical and industrial applications. However, it must be noted that for ultra-
high production rates, as achievable with IAMF, there also is a need for high quantity 
of cells. In other words; without a sufficient amount cells, no microtissue production 
will take place. During work on this thesis, it was observed that conventional 2D 
culture is limited in terms of obtainable cell quantities. For example, in order to 
produce the cartilage tissues of chapter 5, approximately 860 cm² of culture area 
was needed to obtain the required number of cells. Therefore, in order to truly 
overcome the limitations hindering clinical and industrial translation of microtissue 
culture, and cell-based technologies in general, clinical/industrial scale cell culture 
techniques are needed. Dynamic bioreactors are often investigated for this 
purpose, with the first laboratory-scale bioreactors for cell culture now reaching the 
market. As stated in chapter 1, bioreactors often suffer from poor microtissue size 
control due to microtissue merging54,55. However, it might be interesting to utilize 
microcapsules in combination with bioreactors to obtain better microtissue size 
control and simplify the microcapsule culture process. As described previously in this 
chapter, microcapsules have the potential to overcome the challenges 
concerning microtissue polydispersity using bioreactors36. 

Finally, when microtissues are produced continuously with high throughput, high 
(continuous) screening capacity technologies are needed as well to further 
accelerate clinical and industrial translation of microtissues. Screening techniques 
currently mostly focus on multiwall formats56. However, continuous screening 
methods are needed for true scalability and clinical and industrial translation. 
Although the high-throughput method fluorescence activated cell sorting (FACS) is 
commonly used for single cell analysis, it has been utilized for microtissue analysis as 
well57. Microcapsule-cultured microtissues could help advance continuous 
microtissue analysis technology by functionalizing microcapsules with biochemical 
sensors. This could allow for rapid assays without the need for multi-step protocols 
after adding drug compounds58. Furthermore, commonly used cellular analysis 
methods are often designed for 2D monolayer cultures. For true transition from 2D 
to 3D there also needs to be a change of focus towards 3D microtissue assays56. 

7.6 Conclusion 

In conclusion, this thesis introduces multiple microfluidic systems for scalable 
microcapsule and microtissue production with the aim to remove the hurdles 
towards clinical and industrial translation of cellular 3D microtissues. Regardless of 
the work that is still ahead, the work described in this thesis demonstrates that 
microcapsule technology has indeed the potential to overcome the translational 
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challenges for the use of cellular 3D microtissues in clinical and industrial 
environments. 
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